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Review article

Enterotoxigenic Escherichia coli (ETEC)
in farm animals

Béla Nagy", Péter Zs. Fekete

Veterinary Medical Research Institute of the Hungarian Academy of Sciences,
H-1143 Budapest, Hungéria krt. 21, Hungary

(Received 4 November 1998; accepted 22 January 1999)

Abstract — Animal diseases due to enterotoxigenic Escherichia coli (ETEC) typically appear as
severe watery diarrhoea during the first few days of life (also a few days after weaning in pigs).
ETEC adhere to the small intestinal microvilli without inducing morphological lesions and produce
enterotoxins acting locally on enterocytes. This action results in the hypersecretion (of water and
electrolytes) and reduced absorption. Adhesins and toxins are the two prominent virulence attributes
of ETEC and the level of knowledge of these factors determines the chances for successful preven-
tion and therapy of the discase. For animal ETEC the most common adhesins are the fimbriae (pili)
on the surface: F4(K88), F5(K99), F6(987P), F41, F42, F165, F17 and F18. Enterotoxins (extracel-
lular proteins or peptides) of animal ETEC are classified as heat-labile (LT) and heat-stable (ST)
enterotoxins with further subdivisions (LTh-1, LTp-1, LTIla, LTIb, STaH, STaP, STb) according to
antigenic and biological differences. Fimbriae and LT enterotoxins are made up of large molecular
weight proteins which facilitate their utilisation in vaccines and their detection using immunodiag-
nostic systems. The adhesive fimbriac and enterotoxins of animal ETEC are plasmid determined
(except F41 and F17). Virulence gene probes (DNA hybridisation, PCR) are specific and sensitive diag-
nostic and epidemiologic tools for the detection of ETEC. Based on genetic typing, the ETEC, in spite
of limited serogroups, seem to represent a population of E. coli with a diverse genetic background.
© Inra/Elsevier, Paris.
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Résumé — Escherichia coli entérotoxigene (ETEC) chez les animaux de la ferme. L’infcction
des animaux par Escherichia coli entérotoxigéne (ETEC) se manifeste typiquement par une diar-
rhée liquide aigué au cours des premicrs jours de vie ainsi que quelques jours apres le scvrage chez
le pore. Les ETEC adherent aux microvillosités de I'intestin gréle sans provoquer de lésions mor-
phologiques et produisent des entérotoxines qui agissent localement sur les entérocytes. Cette action
entrainc une hypersécrétion d’ecau et d'électrolytes ainsi qu’une absorption réduite. Les adhésines et
les toxines sont deux attributs importants de la virulence des ETEC et le niveau de connaissances
concernant ces facteurs détermine les chances d’une prévention et d'une thérapic réussie de la mala-
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die. Pour les ETEC des animaux, les adhésines les plus répandues sont les fimbriae (pili) de types :
F4(K88), F5(K99), F6(987P), F41, F42, F165, F17 et F18. Les entérotoxines (protéines extracellu-
laires ou peptides) des ETEC sont classées en fonction de leur stabilité a la chaleur [entérotoxines
instables a la chaleur (LT) et stables a la chaleur (ST)] et se subdivisent selon les différences anti-
géniques et biologiques en : LTh-I, LTp-I, LTIIa, LTIIb, StaP, STb. Les fimbriae et les entérotoxines
LT sont constituées de protéines de masse moléculaire élevée ce qui facilite leur utilisation comme
vaccin et leur détection par des tests immunologiques. Les fimbriae et les entérotoxines des ETEC d’ani-
maux sont codés par des plasmides (sauf pour F41 et la majorité des F17). Des sondes nucléiques ainsi
que la PCR sont des outils spécifiques et sensibles pour le diagnostic et les études épidémiologiques.
I1s sont utilisés pour la détection des ETEC qui, malgré un nombre limité de groupes sérologiques,
semblent constituer une population d’E. coli avec une grande diversité génétique. © Inra/Elsevier, Paris.

entérotoxine / fimbria / pilus / ETEC
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1. INTRODUCTION

Enterotoxic Escherichia coli (ETEC)
refers to E. coli bacteria which adhere to the
microvilli of small intestinal epithelial cells
without inducing morphological lesions and
producing enterotoxins that act locally on
enterocytes. Enteric diseases due to strains
of ETEC are the most commonly occurring
form of colibacillosis in pigs and calves.
ETEC also occurs widely in man and is less
common in dogs and cats. So far, little infor-
mation has been published about the dis-
eases caused by ETEC in birds or reptiles.
The subject of ETEC in farm animals has
always attracted much interest because it
can be related to human diseases in many
aspects. Therefore, there are huge amounts
of literature on the subject and it is almost
impossible to discuss all important aspects
in the necessary detail.

This paper will focus on the clinical, epi-
demiological and pathogenetic aspects of
ETEC infection in farm animals. It will not
deal with molecular mechanisms such as
genetic regulation or secretion mechanisms
which are discussed in other papers of this
issue. Although such a review may be some-
what subjective and is almost necessarily
incomplete, it is still hoped that it will give
an updated outline of the main issues as well
as useful hints for future research and
expected developments.

2. GENERAL STATEMENTS

2.1. Aetiology and pathogenesis

The common features of ETEC infec-
tions in different species are that bacteria
adhere to the small intestinal epithelial cells
(overwhelmingly in newborn or very young
animals), thereby colonising the gut. They
also secrete proteins or peptides (entero-
toxins) which stimulate the small intestine
for increased water and electrolyte secre-
tion and/or decreased fluid absorption. The
ability of adhesion of ETEC to intestinal

epithelial cells is mainly due to the produc-
tion of thin (3—7 nm) proteinaceous surface
appendages (fimbriae or pili) which can be
morphologically, biologically and anti-
genically different on various strains. Some
of them morphologically resemble the com-
mon fimbriae (‘Type 1’ fimbriae or pili) of
E. coli [26]. With the help of these adhesins
(fimbriae), the bacteria are able to attach
themselves to the microvilli of small intesti-
nal epithelial cells, thereby more intensively
transferring the enterotoxins to the target
cells.

2.2. Classification of adhesins
and toxins

The virulence characteristics of ETEC
are strongly dependent on the production of
adhesins (fimbriae) and enterotoxins. It
would, however, be an oversimplification
if we do not consider other microbial
attributes such as the production of cell wall
or capsular lipopolysaccharide (LPS) anti-
gens or if we disregard the general microbial
housekeeping mechanisms that make ETEC
strains not only particularly able to survive
but also able to flourish in the intestine. A
further possible virulence trait of some
ETEC may be the epithelial cell invasion
[28], although the pathogenetic significance
of that in vitro detectable trait has yet to be
determined.

In addition to adhesive and enterotoxic
virulence factors, pathogenesis also involves
host factors among which the most impor-
tant ones are adhesin and/or enterotoxin
receptors. Species specificity — which is a
general characteristic of ETEC infections —
is largely due to the presence of specific
receptors in only one or in a limited spec-
trum of animal species.

Several of these virulence factors and
their receptors are known and will be dis-
cussed in detail below, but some of them
are still unknown. Future research on this
area is clearly needed and could bring further
understanding of pathogenesis and thereby
would contribute to more successful strate-
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gies in the prevention and treatment of
enteric enterotoxic colibacillosis due to
ETEC.

2.3. Adhesins

According to our present understandings,
the pathogenesis of enterotoxic colibacillo-
sis starts with the adhesin-ligand interac-
tion on the small intestinal microvilli, result-
ing in a strong but morphologically
non-destructive attachment of bacteria to
the microvilli.

In the case of animal ETEC strains, the
most common adhesive fimbriae can be dif-
ferentiated as surface antigens such as K88
or K99, 987P or F41 or F107 and 2134P in
pigs and calves, also designated as F4, F5,
F6, F41, or F18ab and F18ac, respectively
[90, 96] (table I).

Morphologically these fimbriae are
straight, bent or kinky proteinaceous
appendages originating from the outer mem-
brane of the bacterial cells. They have var-
ious molecular weights (from 15 to 25 kDa).
In general, fimbriae are composed of ‘major’
and ‘minor’ subunit structures governed and
assembled under the direction of structural
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and accessory genes, respectively. For adhe-
sive fimbriae, the adhesive function is often
represented by molecules at the tip of the
filaments. The ability of fimbriae (pili) to
agglutinate red blood cells of different
species was recognised very early [28] and
it has been used for classification along with
the effect of 0.5 % D-mannose: MS = man-
nose-sensitive (adhesion blocked by man-
nose) or MR = mannose-resistant adhesion.
Among fimbriae of animal ETEC bacteria
we can recognise the following categories:
MS haemagglutinating fimbriae (Type 1),
MR haemagglutinating fimbriae (K88, K99,
F41) and MR non-haemagglutinating fim-
briae (987P, F18ab, F18ac) (table ).

2.4. Enterotoxins

Enterotoxins are extracellular proteins or
peptides (exotoxins) which are able to exert
their actions on the intestinal epithelium.
ETEC strains are characterised by the pro-
duction of one or both of the following
enterotoxin categories [104], all of which
are plasmid regulated:

Table I. Designation and characterisation of fimbria (pili) of enterotoxigenic E. coli (ETEC) of

farm animals.

Fimbria Variants Diameter Subunit Mannose Associate Localisation
(mean nm)  size (kDa) sensitivity O-type of genes
F4 (K88) ab
ac 2.1 27.6 R 08,0141,0149  plasmid
ad
F5 (K99) 5 16.5 R 08, 020, 0101 plasmid
F6 (987P) 7 17.2 NH 09, 020 plasmid
F17 (Fy) 34 20 chromosome
F18 ab (F107) R 0139, 0141, plasmid
ac (2134P) 0147, 0157
(8813)
F41 3.2 29 R 0101 chromosome
F42 32 R ? plasmid
F165 4-6 17.5, 19 R Oll1s chromosome

R: mannose resistant; S: mannose sensitive; NH: non-hemagglutinating.
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— large molecular weight (88 kDa) heat-
labile enterotoxins (LT);

— small molecular weight (11-48 amino
acid containing) heat-stable peptide tox-
ins (ST) resisting to 100 °C for at least
15 min.

LT enterotoxins are produced predomi-
nantly by human and porcine ETEC, while
ST enterotoxins are produced by ETEC of
human, porcine and bovine origin.

LT toxins have good antigenicity while
ST toxins do not. LT toxins can be divided
into two antigenically and biologically dis-
tinct but structurally similar groups: LTI
and LTII. Within LTI, the LTh-I (human)
and LTp-I (porcine) strains can be distin-
guished, and within LTI, two antigenic vari-
ants (LT1la and LTIIb) can be distinguished
[87].

ST toxins have two classes: STa and STb
(also referred to as STI and STII, respec-
tively). STa toxins have variants which are
STaH and STaP [indicating human (H) or
porcine (P) type of the STa enterotoxins].
STa toxins are further characterised by
methanol solubility and by the ability to
induce small intestinal fluid secretion in
baby mice and to a lesser extent in weaned
pigs. STb is not soluble in methanol and
does not react in baby mice; however, it can
induce small intestinal fluid secretion in
newborn and weaned pigs (table II).

2.5. Mechanism of action of LT and ST
enterotoxins

The common feature in the mechanisms
of action of LT and ST enterotoxins is that
they do not produce pathological lesions or
morphological alterations on the mucosa.
They only produce functional changes such
as an increased secretion of H,0, Na* and
Cl™ and a concomitant decrease of fluid
absorption. As a result, fluid and NaHCO; is
lost from the body, leading to exsiccosis
(dehydration) and acidosis. The actions of
ST are less clear (see below in this section).

The mechanisms of action and structure
of LT enterotoxin are well known and are
very similar to the heat-labile toxin of Vib-
rio cholerae (CT). The major difference
between LT and CT is that LT is exported
much less onto the surface of the bacteria,
and a significant amount of this E. coli toxin
accumulates in the periplasmic space. This
difference can be readily explained if we
accept the hypothesis that LT of ETEC
could have originated from V. cholerae
where it needs about 20 different proteins
to be expressed [47]. Such an army of usher
proteins may not be readily available in
E. coli. CT and LT consist of a single A
domain and five B subunits containing 240
and 103 amino acids, respectively. The B
subunits bind predominantly to the GM1
ganglioside acting as receptors on the cell

Table II. Designation and characterisation of cnterotoxins of enterotoxigenic E. coli (ETEC) of

farm animals.

Enterotoxin ~ Variant Molecular size Action Receptor
LT-1 LTh-I, LTp-I 1A (28 kDa) 5B (11.5 kDa) hypersecretion: LTI: GM1
LT-II LTHa, LTIIb stimulation of LTIla: GDI1b
adenylate-cyclase system LTIIb: GDIa
STa STaH, STaP 18 or 19 aa. hypersecretion: pGCc
peptide (2 kDa) stimulation of
guanylate-cyclase system
STb - 48 aa. peptide malabsorption: G protein linked

(5 kDa)

opening G-protein linked Ca** channel

Ca** plasma membrane channel
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Figure 1. A schematic representation of mechanisms of action of heat-labile (LT) and heat-stable
(STa and STb) enterotoxins of enterotoxigenic Escherichia coli (ETEC) of farm animals.

surfaces [87] (figure 1). Once the B sub-
units have fixed the toxin molecule to the
cell surface, the A1 fragments will translo-
cate into the cell where they activate the
adenylate-cyclase system resulting in
increased fluid and electrolyte secretion and
decreased absorption. This system activates
the catalytic unit of cAMP-dependent pro-
tein kinase, which phosphorylates mem-
brane proteins leading to transepithelial ion
transport disorders. The effect of LT is irre-
versible [87]. Besides the above classical
mode of action there are alternative potential
mechanisms of secretion induced by LT,
which involve prostaglandins, the enteric
nervous system and cytokine activation [86].

LTTla does not stimulate fluid secretion in
ligated rabbit loop (in contrast to LTI) and is
generally much less efficiently produced.
The A subunit sequence of LTla has a 57 %
homology with LTI and a much lower
homology with the B subunit (figure 2).
LTIla and LTIIb also differ in their mem-
brane receptors.

ST enterotoxins were discovered by
Smith and Halls [105] as produced by
porcine ETEC. Further studies revealed that
two kinds of completely unrelated ST toxins
are produced by porcine ETEC: STa (also
named STI) and STb (also named STII).
The biological activities and mechanisms
of action of ST enterotoxins can be assayed
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in suckling mice or in ligated intestinal loops
of pigs and calves. STa is a 2-kDa peptide,
containing 11-18 amino acids, and it is
secreted into the culture medium or into the
intestinal fluid by the bacteria. Receptors
for STa are heterogeneous (figure ). On
the cell surface there are glycoproteins and
a particulate transmembrane form of guany-
late cyclase-c (pGC-c) [38, 39]. The effects
of STa are reversible. However, STa recep-
tors seem to be occupied after binding.
Therefore, this association is not a typical
reversible binding system [28]. The biolog-
ical activity of STa is exerted through stim-
ulation of the guanylate-cyclase system,
leading to intracellular accumulation of
c¢GMP and reduced absorption of water and
electrolytes (Na* coupled CI7) on villus tips,
and simultaneously to an elevated secretion
of CI” and H,O in crypt cells [ 35]. STa tox-
ins produced by human and animal strains of
ETEC seem to differ in some amino acids
[72] and are labelled as STaH and STaP.

Heat labile (LT) enterotoxins

BanHl  Xbal Bgll Hindlii EcoRl Clal Hindlll
R —- gt i
LTh A subunit LTh B subunit
— LTih 7
200 bp
Xbal Bg) Hindlll EcoR| Cial
T —
LTc A subunit LTc B subunit
—— LT chicken
200 bp
Findll
- L e y 1o — i
LTHa A subunit LTlla 8 subumit
— LTHa
200 bp
Pstl Hindlil
— LTI EP——
LTlIb A subunit LTIIb B subunit
—— LTHb
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Human ETEC may produce both STaH or
STaP, while ETEC from calves and pigs
produce STaP [97]. STa toxin genes are
located on plasmids and are part of a trans-
poson (Tn1681) flanked by inverted repeats
of IS1 [109] (figure 2).

The mechanism of action and the molec-
ular characteristics of STb are much less
known and it seems that poor absorption of
fluids and electrolytes plays an important
role in pathogenesis. STb does not elevate
intracellular cyclic nucleotide levels but
seems to stimulate a non-chloride anion
secretion by intestinal epithelial cells [121],
although the mechanism of action is still
not quite clear (figure I). One way of action
could be through the activation of
prostaglandin E2 [48], while Dreyfus et al.
[23] suggest that STb acts by opening a G
protein-linked calcium channel. Elevated
intracellular Ca** can activate prostaglandin
endoperoxidase synthetase and may lead to

Heat stabile (ST) enterotoxins

Rglt Hink
I e SR (i
EAST1 gene
R EAST1
100 bp
Hincl]
Wil
Hinfl Hinfi . f{anlefl Hinfl
11 STa gene 18t
Tn1681
100 bp
Psh Hundll Bglll Pl
i . h _ — — |
STb gene
STb

100 bp

Figure 2. Organisation of toxin genes of enterotoxigenic Escherichia coli.
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formation of prostaglandins. STb also binds
to lipids of the intestinal mucus which could
further complicate the mode of entry and
action of this peculiar toxin [24]. At present
there are some doubts about the pathogenetic
significance of STb, based on experiments
using newborn pigs [14]. In these experi-
ments STb did not contribute to the severity
of diarrhoea in newborn pigs. It should,
however, be kept in mind that STb is mainly
present in ETEC-isolated weaned pigs with
diarrhoea. There are sporadic observations
about the isolation of ETEC producing STb
from cases of diarrhoea in men, calves and
chickens [3]. The production of STb is reg-
ulated by plasmids which may also regulate
LT and STa. The STb gene is also part of a
transposon (Tn4521) which may explain a
relatively high frequency of detection of
these genes in ETEC and in non-ETEC
strains from animals [62] and man [64] (fig-
ure 2). In contrast to STa, STb is sensitive to
proteases. Protection of STb from digestion
by the addition of protease inhibitors to STb,
makes it possible to detect its biological
function in other animal species [120].

Finally, a recently discovered kind of ST
toxin (EAST1) should be mentioned, which
has been detected in human enteroaggrega-
tive E. coli (EAggEC) by Savarino et al.
[101]. It is interesting to note that this toxin
also interacts with the STa receptor (GC-c)
but according to database information the
structural gene for EAST1 has no signifi-
cant homology with the STa gene [109].
Furthermore, it seems that the EAST1 was
also acquired by some ETEC and
enteropathogenic E. coli (EPEC) and by all
enterohaemorrhagic E. coli (EHEC) strains
at some points in their clonal development
[32]. These EASTI toxins are secreted by a
type IV secretion system [34]. An intriguing
question remains as to whether EAST [ -pro-
ducing strains are common amongst classi-
cal ETEC strains?

Secretion of virulence determinants of
ETEC: there are three general secretion path-
ways recognised in gram-negative bacteria
that export virulence factors (I-11I). Another

group of bacterial proteins (IV) mediate their
own transport and are therefore called auto-
transporter systems [34]. Such an auto-
transporter class of enterotoxins (EAST1)
has recently been described in EaggEC, as
above [30, 101]. It is also known that the
secretion of STa and STb involves an energy
and secA-dependent (Type II) conversion
of the performed toxins to the extracellular
ones [60, 128]. However, several steps of
enterotoxin production as related to secretion
systems have yet to be clarified. It should
be noted that the maturation of virulence
proteins is also part of the different secretion
and expression mechanisms, i.e. formation
of disulphide bonds within the periplasm
(for cholera toxin and for LT of E. coli).

Regulation of adhesins and toxins:
changes in the gene expression can be the
result of a random genetic event (stochastic
process), but expression of virulence fac-
tors is usually linked more to environmental
signals, such as temperature, ion concen-
tration, osmolarity, carbon source, Fe**, pH,
0O,, etc. These signals can also be sensed by
ETEC bacteria in order to more appropri-
ately accommodate the in vitro and in vivo
environment (stereotypic response). Under
in vivo conditions some of the above fac-
tors can induce a whole cascade of viru-
lence functions, turning on different genes
while turning off others at different steps of
the infectious process (for instance: inva-
sion genes are turned on early in the infec-
tion but are repressed once bacteria are
within the host cell) [34]. For ETEC, much
less is known about regulation. Virulence
factors are influenced by the above signals
through ‘regulator elements’. Some of these
control the expression of many unrelated
genes and are therefore called ‘global regu-
lators’. In general, virulence factor regulators
can be grouped into a few ‘families’ (based
on their conserved sequences and mecha-
nisms). Virulence genes of enteric pathogen
strains of E. coli are mainly genes ‘foreign’
to E. coli and they can be controlled by sev-
eral regulators. These regulators are there-
fore a possible exciting area of research for
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ETEC in terms of pathogenesis (in vivo
functions) and diagnosis. We can hope to
find the right culture conditions for the effi-
cient in vitro production of adhesins and
enterotoxins only with more knowledge on
regulation. Consequently, improvement of
methods to detect these factors in vivo and
in vitro could enhance the detection rates
of ETEC (see sections 3.1.1 and 3.2.7).

2.6. Diagnosis of ETEC infections

Diagnosis of ETEC infections requires
the detection of virulence factors (adhesins,
enterotoxins) using in vitro tests (slide or
latex agglutination or ELISA) in most cases
[113]. Adhesive fimbriae can, however, be
most efficiently detected in vivo, by an
immunofluorescent method using absorbed
polyclonal or monoclonal antifimbrial anti-
bodies [55]. In contrast to fimbriae, entero-
toxins produced in vivo are much more dif-
ficult to detect. Therefore, at the early ages
of ETEC studies in vitro-produced toxins
could only be tested by biological assays:
ligated small intestinal segments (for all
enterotoxins) or baby mouse assay (for STa),
followed by cell cultures (for LT), and later
on by ELISA assays (for LT and ST) [20].
Now, with the advent of molecular meth-
ods in the diagnostic laboratories, the cum-
bersome biological assays can be replaced
by so-called gene probes: DNA hybridisa-
tion and PCR (recently in a complex form)
for detecting the genes of different virulence
characters {37, 66, 115]. The question can be
raised, however, whether our chances to dis-
cover new toxic and other virulence
attributes will not be limited if we disregard
biological assays in the long run.

2.7. Therapy of ETEC infections

The classical antibiotic therapy of diar-
rhoeal diseases of animals requires oral
application of broad-spectrum antibiotics
which would be slowly or not absorbed from

the intestine, such as neomycin, colistin,
aminosidine, kanamycin and polymyxin. At
present more and more antibiotics are pro-
duced for parenteral application against bac-
terial diarrhoea (ampicillin, quinolones and
fluoroquinolones). During the last few years
several very effective antibiotics (i.e. chlo-
ramphenicol, nitrofurans) had to be removed
from veterinary use in Europe — and some
others are on their way out — because of
long-range hazards on human health or
because of antibiotic resistances develop-
ing among human pathogens. In the area of
antibiotic therapy of ETEC infections, the-
ory and practice seem to function in a some-
what ‘peaceful contradiction’. Namely, exact
diagnosis requires isolation and identifica-
tion of the ETEC strains causing the dis-
ease (necessitating the determination of vir-
ulence factors), a procedure which usually
takes a few days under conditions in a rou-
tine diagnostic laboratory. Determination
of antibiotic resistance would theoretically
follow only after the virulence factors are
known. The pressing need in veterinary
practice requires much quicker actions and
therefore the use of antibiotics almost always
precedes the results of the resistance pat-
tern. As a result, in most cases the right
choice of antibiotics remains the practi-
tioner’s responsibility, for which today — in
spite of all the latest technical developments
— the laboratory only gives a retrospective
diagnosis.

It is necessary to replace the loss of fluid
and electrolytes, independently of the results
of detailed bacteriological investigations
partly because of the above difficulties and
partly because of the common pathomech-
anism of ETEC infections. For these rea-
sons, several ‘ready-to-use’ formulae are
available for oral applications in different
animal species to cure and to prevent dehy-
dration and to restore electrolyte balance.
Glucose is an important component of many
of these formulae; it helps to revert intesti-
nal epithelial cellular functions from secre-
tion back to absorption.



268 B. Nagy, P.Zs. Fekete

2.8. Prevention or metaphylaxis
by vaccination

ETEC infections can, and should be pre-
vented by several hygienic and management
techniques which are outside the scope of
this paper. Among these, the most impor-
tant factor, in the case of newborn animals,
remains the early and sufficient colostral
supply.

The protective value of colostrum against
diarrhoeal diseases of the offspring caused
by ETEC can be increased essentially by
maternal immunisation. For that purpose
several vaccines are used mainly for par-
enteral application (which can be adjuvanted
by oral immunisation). These vaccines con-
tain the so-called protective antigens (viru-
lence factors — fimbrial adhesins with or
without LT enterotoxins). Vaccinations
should usually take place in late pregnancy
and can be repeated as ‘reminder’ vaccina-
tions before each subsequent farrowing. As
a result, colostral antibodies would block
virulence factors and propagation of bacte-
ria in the intestine. Similar effects can be
expected in the case of passive immunisa-
tion, i.e. the oral application of polyclonal or
monoclonal antibodies [104]. Immune
colostrum or specific antibodies can also be
applied metaphylactically, however, with
much less success.

Amongst the above-described mecha-
nisms of action, the success of colostral vac-
cines depends largely upon matching the
right protective antigens with the pathogens
present in a given animal population. Our
knowledge about the possible existing vir-
ulence factors is, however, still limited and
further improvements in this area are to be
expected. Whatever vaccine is applied
against ETEC, the old truth remains for all:
even the most effective vaccines are only
good to correct minor failures in manage-
ment practices but they cannot be expected
to be ‘the overall cure’ against high chal-
lenge doses and a large variety of infectious
agents having the capacity to induce diar-
rhoea.

3. ETEC INFECTIONS IN MAIN
SPECIES OF FARM ANIMALS

Based upon the above general knowl-
edge about the pathogenetic traits and mech-
anisms of ETEC, the following section will
focus on special characteristics of ETEC
infections that relate to calves, sheep and
goats as well as to pigs.

3.1. Enterotoxic colibacillosis of calves
and small ruminants

The overwhelming majority of ETEC
responsible for diarrhoea in newborn calves
are characterised by adhesins K99 (F5) and
F41, and by STaP enterotoxins. They usually
belong to the 08, 09, 020 and 0101
serogroups and often produce an acidic
polysaccharide type of K(A) antigen (K25,
K28, K30, K35), making the colonies of
such strains more compact and less trans-
parent. It seems that such capsular polysac-
charide antigens enhance colonisation
induced by K99 [44, 54]. K99 and other
fimbrial adhesins mediate attachment of the
ETEC to the small intestinal (mainly ileal)
microvilli, thereby resisting removal and
facilitating colonisation. Thus, bacteria are
able to efficiently transmit the STa that they
typically produce, which in turn induces
extensive excretion and loss of water and
electrolytes, rapidly leading to dehydration.
Other, less frequently occurring adhesins
are the so-called F17 (earlier known as FY
and Att25) [63]. Adhesions mediated by
these surface proteins are dependent on the
presence of glycoprotein receptors which
are abundantly present in newborn calves
and lambs, and which, in the case of K99,
gradually decrease with age [99]. It seems
that K99 and F41 are frequently produced
simultaneously by bacteria of the same
ETEC strain. There are different receptors
for K99 (sheep and horse haemagglutinin)
and for F41 (guinea pig and human-A
haemagglutinin). K99 and F41 also differ
in their genetic regulation (K99 is regulated
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by a plasmid while F41 is regulated by a
chromosome). Both K99 and F41 as well
as F17 can, however, adhere to the porcine
small intestinal brush border and can induce
porcine enterotoxic colibacillosis. Associ-
ation of F17 (FY/Att25) with enterotoxins is
not quite clear. Original descriptions of anti-
gens reported enterotoxic activities [63, 92].
In Hungary (in a limited study) the three
FY+ (= F17+) isolates that were K99— and
F41- did not produce STaP, although they
had been isolated from diarrhoeal calves
[74]. Studies in recent years revealed that
F17 fimbrial adhesins are somewhat het-
erogeneous and they form a so-called F17
family of fimbriae (F17a, F17b, Fl7¢, F17d
and G fimbriae) based on their receptor
specificities [61]. It should be mentioned
that another (non-fimbrial) surface protein
(CS31A) has also been associated with calf
diarrhoea [42] but it is also detected on sep-
ticaemic E. coli from calves, in contrast to
K99 or F41. Interestingly, CS31A is genet-
ically related to K88 fimbria (known as a
typical porcine adhesin) [42]. Pathogenetic
significance of the F17 fimbrial family, and
of other (non-fimbrial) adhesins (such as
CS31A) in enteric and in extraintestinal
infections is reviewed in another paper of
this issue [61].

Finally, a special kind of the ETEC strain
isolated from a diarrhoeal water buffalo calf
should be mentioned in this section [103].
This ETEC produces a variant of LT (des-
ignated LTII), which has also been detected
in calves [93] and in humans in some Asian
countries. This indicates that these strains
may have adhesins that find receptors in
bovine and human small intestines. Not
much information is, however, available on
their adhesins yet.

3.1.1. Diagnosis

According to our present knowledge, the
diagnosis of ETEC infection in calves is
greatly facilitated by the high frequency of
K99 antigens on bovine ETEC. The pres-

ence of K99 can, however, be covered by
the K(A) antigens. Besides, the production
of K99 may also be repressed by the pres-
ence of glucose, while for other strains glu-
cose may even enhance K99 production
[41]. Therefore, special media such as Min-
imal Casein Agar with Isovitalex® added
(MINCA-Is) are required [43] for the detec-
tion of K99 in vitro. Alternatively, the
immunostaining of small intestinal segments
from calves that died as a result of diarrhoea
proved to be more efficient [55, 75]. Mon-
oclonal based latex reagents [113, 114] and
DNA probes (hybridisation and PCR) that
detect the above fimbrial genes are avail-
able for more efficient diagnosis [66].

3.1.2. Vaccines

Vaccines against enterotoxic colibacil-
losis of calves or small ruminants should
also contain both K99 and F41 [1, 17, 73].
Vaccines should also contain the
F17(FY/Au25) antigens as well consider-
ing the cross protection between these and
F17 in countries where F17(FY/Att25) fim-
briae are prevalent [15, 63]. As ETEC infec-
tions of calves and small ruminants fre-
quently occur simultaneously with rotavirus
infection, most of the vaccines used today
contain bovine rotavirus antigens as well
{6, 59]. So far, no information is available
about a possible shift in fimbrial character-
istics of ETEC in herds or areas where K99-
and/or F41-containing vaccines are used.
There is evidence, however, suggesting that
the strongly reduced incidence of K99 and
F17 may be explained by the use of vac-
cines containing these antigens {16]. Dur-
ing the last decade, no new adhesins or tox-
ins of calf or ruminant ETEC strains were
discovered, although it seems almost impos-
sible that the adhesin (and toxin) spectrum in
these animal species is that limited all over
the world.

In the future, further questions should be
raised about age resistance and genetic resis-
tance to F41 and F17 fimbrial adhesion (and
to enterotoxins) in calves. So far, no solid
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information is available concerning these
questions in ruminants.

3.1.3. Treatment of diarrhoea due to
ETEC in calves and small
ruminants

As the main effect of ETEC diarrhoea is
exsiccosis, metabolic acidosis and hypona-
traemia, effective therapeutic regimes should
include oral or intravenous rehydration using
one of the several commercially available
formulae. Antibiotics such as oral polymixin
and quinolones or fluoroquinolones have
been so far successfully applied. Immune
treatment or prophylaxis by feeding K99
monoclonal antibodies or powdered egg
yolk of K99-immunised hens may also be
applied besides the usual oral or parenteral
antibiotic therapy, as described above [29,
51, 104].

3.1.4. ETEC infections in goat kids and
lambs

As mentioned several times above, lambs
have a very similar clinical diarrhoeal dis-
ease and similar strains of ETEC as calves.
However, this seems much less certain in
goat kids. In general, it is true for both ani-
mal species that we have much more lim-
ited information about their ETEC infec-
tions as compared to those of calves. For
instance, the adhesins F17(FY/Att25) and
CS31A detected on calf diarrhoea strains
have not been described so far for E. coli
bacteria from lamb or goat diarrhoea, but
such isolates can be prevalent among septi-
caemic strains of lambs and goat kids [61].
Information about ETEC infection in goats
is even more limited. According to our ear-
lier studies [77], infection by K99+ ETEC
may also cause diarrhoea in young goat kids
in some herds but cryptosporidiosis and
rotavirus infections seem to be the main
aetiological agents. This observation is sup-
ported by the experimental infection of goat
kids with K99+ ETEC strains and by suc-
cessful prevention of diarrhoea due to such

strains by the K99 vaccine [18]. In contrast
to ETEC, verotoxic E. coli (VTEC) strains
have been isolated more frequently from 1-
to 2-month-old goat kids with diarrhoea and
they seem to be the major diarrhoeal agent
of this age group [27]. More information is
needed, however, about ETEC (and in gen-
eral about enteric £. coli) infection of goat
kids and lambs.

3.2. ETEC infection of pigs

It is well known that enteric enterotoxic
colibacillosis produces significant losses in
two different age groups of pigs: first among
newborn pigs and later at the postweaning
age. For the economy of words and space
only aetiology, pathogenesis and epidemi-
ology will be discussed separately for the
two age groups. Diagnosis, treatment and
prevention have enough in common to be
described under one heading.

3.2.1. Aetiology, pathogenesis and
epidemiology of neonatal
diarrhoea

E. coli strains causing enterotoxic col-
ibacillosis in suckling piglets are charac-
terised by one or the other of the K88
adhesins (in variants K88ab, K88ac and
K88ad) also known as the (F4), by K99 (F5)
or 987P (F6) adhesins and occasionally by
the F41 [118], F165 [31] or F42 adhesins
[110]. ETEC strains possessing K88 (espe-
cially K88ac) are the most common cause of
diarrhoea and they usually produce LT in
addition to STaP or STb. K88+ ETEC are
also characterised by haemolysin produc-
tion in vitro. ETEC strains carrying K99
and/or F41 or 987P produce only STaP and
are non-haemolytic. While K88+ ETEC may
represent about 40—-60 % of the E. coli
strains causing diarrhoea in piglets, the
above non-K88 strains make up between 20
and 30 % [74, 127]. The typical O
serogroups for neonatal porcine ETEC infec-
tions are 08, 09, 020, 0101, 0141, 0147
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and O157 representing both K88+ and non-
K88 ETEC. In our experience, the two
groups (K88+ and non-K88) of ETEC have
a somewhat different clinical picture: K88
strains cause more severe diarrhoea at a
younger age (1-5 days) while non-K88
strains give rise to milder diarrhoea with a
later onset (approx. 4-14 days of age). It
should also be noted that the rotavirus infec-
tion often complicates neonatal colibacillo-
sis of pigs, especially in non-K88 ETEC
infections at the second week of age. In
Hungary, rotavirus was found in approxi-
mately 10 % of the pigs that died as a result
of diarrhoea, and in approximately 25 % of
live diarrhoeal piglets [74].

The availability of adhesin receptors on
the small intestinal epithelium is a very
important factor in the pathogenesis of diar-
rhoea due to ETEC. It has been shown that
the receptors for K88 are glycoproteins and
the lack of production is a recessive trait.
Thus, homozygous piglets are resistant to
K88-mediated adhesions, to colonisation
and disease [102]. Receptor functions seem
to be dependent on the ‘b’ and ‘¢’ compo-
nents, and in genetically resistant piglets the
receptors are usually absent for both of these
components [1 1, 49]. In vitro adhesion tests
have revealed a polymorphism of intestinal
receptors for K88 and indicated that there
are five to six adhesion patterns (A-F)
among piglets according to the adhesion of
K88ab, K88ac and K&88ad variants 11, 12,
95]. Unfortunately, this phenomenon of
genetically determined resistance could not
gain wide practical application. It may, how-
ever, complicate epidemiological pictures,
by partially producing non-diarrhoeal
homozygous recessive (ss) litters, and by
partially leaving heterozygous (Ss) piglets
(which are born to resistant sows and sen-
sitive boars), without colostral immunity
(such sows would not have acquired the
infection and could not produce specific
antibodies in their colostrum). The practi-
cal application of this knowledge is even
more complicated by the fact that the cor-
relation of the adhesion of K88 variants to

the small intestinal brush borders with sus-
ceptibility to colonisation and diarrhoea may
be lacking. This can be explained by the
most recent findings of Francis et al. [36],
suggesting that the intestinal brush border
mucin-type glycoprotein (IMTGP) is a bio-
logically more relevant receptor for K88ab
and K88ac as compared to the so far widely
accepted enterocyte brush border glycopro-
tein.

So far, no information is available about
the genetic determination of receptors for
K99, F41 or 987P in pigs, but there are mice
which are genetically resistant to colonisa-
tion by K99 [25]. Such information is, how-
ever, available for F18 fimbrial receptors
of weaned pigs (see section 3.2.5).

The production of receptors also influ-
ences age-related resistance to the disease.
This is, however, manifested in different
ways for different adhesins. Receptors for
K88 are abundant in newborn pigs and will
decrease with age but remain relatively sta-
ble throughout the weaning and postwean-
ing periods. Receptors for K99 gradually
decrease with age [99]. In contrast, produc-
tion of receptors for 987P in fact increase
with age [22]. This invariably leads to a
lower adhesion and colonisation because
the receptors shed into the lumen and block
bacterial adhesion before contacting intesti-
nal epithelial cells. The ageing nature of
receptors for F41 are unknown but data indi-
cate that they may be produced all through
the weaning age [82].

3.2.2. Postweaning ETEC infection
of pigs

Postweaning diarrhoea (PWD) is usually
the most constant disease problem of large-
scale farms, especially of those that wean
around 3—4 weeks of age. PWD starts a few
days after lacteal protection completely
ceases, and pigs are placed in an environ-
ment which is completely new from tech-
nical, social and microbiological points of
view. It is widely accepted that specific
serotypes and pathotypes of ETEC are
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responsible for the major part of PWD. It
is also without debate that the disease is a
highly complex one. ETEC only plays a part
(although an essential one). It is frequently
seen in almost all large-scale piggeries but it
is one of the most difficult diseases to exper-
imentally reproduce. Diarrhoea and reduc-
tion in weight are only part of the losses.
Retarded growth, which usually follows
diarrhoeal episodes in weaned pigs, makes
the losses even worse.

3.2.3. Aetiology, pathogenesis and
epidemiology of PW diarrhoea

The main cause of postweaning diarrhoea
is the weaning itself. Only on this basis can
we understand the aetiology and pathogen-
esis more realistically and be more humble
about our capacities to bring real (econom-
ically feasible) improvement in this enigma.
ETEC strains involved are most frequently
of the O serogroup: 08, 0141, 0138, 0147,
0149 and O157, of which O149:K88 seems
to be the predominant serotype in most
countries [45]. So far, all the typical PWD
strains of ETEC are haemolytic, although
haemolysin does not play an essential part in
virulence of porcine ETEC [107].

3.2.4. Adhesins of PWD ETEC

The main adhesive virulence factors of
ETEC PWD strains are K88 (mainly K88ac)
fimbria. Furthermore, K99 and 987P and
F41 have also been described in some PWD
strains [78, 82, 85], but they seem to be
rarely involved in diarrhoea at that age.
Recently, a new fimbrial adhesin has been
recognised under the F18 designation (fig-
ure 3).

Some additional information on the
recently discovered and classified F18 {im-
briae should be given here, because they
have been described under different names,
and misunderstandings are frequent in the
use of the earlier names and new designa-
tions. During the last few years, three new
colonisation factors or adhesive fimbriae

have been described for groups of E. coli
involved in PWD or oedema disease: F107
on oedema strains [8], 2134P on ETEC
strains [81], and ‘8813’ also on ETEC strains
[100]. Additionally, fimbriae of two ETEC
strains of serogroup O141 have also been
described [58], although no data have been
given on their adhesive or pathogenetic sig-
nificances. As a first attempt to clarify the
relationships between these factors, pili
2134P were compared to fimbriae F107 by
means of polyclonal and monoclonal anti-
bodies. It was provisionally concluded that
these two adhesins were morphologically
similar and shared a common antigenic
determinant in addition to a type-specific
one [80]. These findings were confirmed
[125] and it was suggested that the symbol
‘a’ should be used for the common deter-
minant and the symbols ‘b’ and ‘¢’ for the
specific determinants of F107 and 2134P,
respectively. Furthermore, Rippinger et al.
[96] investigated the morphological,
immunological, genetic and receptor-bind-
ing relatedness of fimbriae F107 and 2134P,
together with the colonisation factor ‘8813’.
Based on earlier suggestions made by Ida
and Frits @rskov (International Escherichia
coli Centre, Copenhagen, 1992) for a new
F18 fimbria, it was shown that two sero-
logical variants were determined and should
be designated as follows: F18ab (for F107)
and F18ac (for 2134P and 8813) [96]. The
genetic relatedness of the above family of
F18 fimbriae was described by Imberechts
et al. [52], supporting the above grouping,
and adding the fimbriae of Kennan’s O141
strains to the group of F18ac. In a recent
study, it was pointed out that F18ab and
F18ac fimbriae are biologically distinct:
F18ab fimbriae are poorly expressed both
in vitro and in vivo. They are frequently
linked with the production of SLT-Ilv
(VTEC strains), while F18ac are more effi-
ciently expressed both in vitro and in vivo
and they are more characteristic of ETEC
strains [84].

It should also be mentioned that some
ETEC strains may produce multiple
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Figure 3. Electron micrograph of negatively
stained, aggregated FI8 fimbriae showing a
characteristic zig-zag pattern. Bar = 100 nm.

adhesins such as K88, F18ac or K88, F41
or even K88, F18ac and F41 [82]. It remains
to be shown if such strains have a patho-
genetic advantage over strains with one kind
of an adhesin. It may also be questioned
under what conditions there are receptors
for these rarely occurring adhesins (K99,
987P, F41) available at the right amount on
the small intestinal mucosae.

3.2.5. Adhesin receptors of PWD ETEC

Information about receptors for the post-
weaning adhesins has also facilitated our
understanding of earlier findings on the epi-
demiology and pathogenesis of PWD.
Receptors for K88 are produced, although to
a somewhat reduced extent, all through the
weaning age, while receptors for the vari-
ants of F18 (F18ab and F18ac) are increas-
ingly produced up to the weaning age [81,
84] and the fimbriae F18ac seem to have
more receptors around the ileal Peyer’s
patches [81]. The lack of receptors tor Fl8ab
and F18ac in newborn pigs offers an expla-

nation as to why these VTEC and ETEC
strains (and why the oedema disease itself)
are only prevalent in weaned pigs.

Genetic determinants for the production
of intestinal receptors of fimbria F18ab have
also been investigated by oral inoculation
of weaned pigs and by in vitro adhesion tests
[9], and it seems that phenotypes susceptible
or resistant to F18 adhesion can be differ-
entiated. Pigs with at least one copy of a
dominant allele for receptors are susceptible
to colonisation and in vitro adhesion (simi-
larly to the K88 receptors). Additional
genetic marker studies localised the recep-
tor gene on the porcine chromosome 6,
closely linked to the gene encoding
halothane sensitivity [119]. It seems that the
lack of receptors will coincide with
halothane (stress) sensitivity, making it dif-
ficult to select and raise pigs without small
intestinal receptors for F18 fimbria.

Small intestinal receptors for K88 and
for F18 seem to be different, based on com-
parative in vitro studies [84] and on the dif-
ferent localisations of their regulation on
the porcine chromosome [40, 119].

Although it seems to be an attractive idea
to breed pigs resistant to ETEC adhesion,
it may have more drawbacks than advan-
tages. It is not only difficult to select sub-
dominant alieles of two different, indepen-
dently inherited traits (lack of receptors for
K88 and F18) but we should also consider
that the E. coli bacteria are genetically much
more flexible than their host. This would
ultimately lead to the emergence and pro-
liferation of new ETEC pathotypes. Fur-
thermore, we should take into account the
possible co-selection of unwanted traits
(such as halothane-sensitivity).

3.2.6. Enterotoxins of PWD ETEC

ETEC isolates of PWD are characterised
by production of either LT, STa or STb or
combinations (i.e. STa is almost always
accompanied by STb and/or LT). Some
strains (ETEC/VTEC) inducing PWD pro-
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duce both ST enterotoxin and SLT-Ilv vero-
toxin [79, 108]. LT and STa enterotoxins
induce a secretory diarthoea without epithe-
lial damage. STb is the exception for which
the mechanism of action is still not clear
and which also involves reduced absorption
and shortening of small intestinal villi [98].
It should also be noted that the small intes-
tine becomes transiently more susceptible
to ST enterotoxins immediately after wean-
ing [67, 111]. Although STa is known to
affect small intestinal fluid accumulation in
weaned pigs much less than in newborn
pigs, this cannot be explained by the lower
activity of membrane-bound particulate GC-
¢ or by intracellular GC [57].

It is interesting to note that ETEC strains
producing STa are haemolytic only in
weaned pigs but not in newborn pigs.
Another interesting phenomenon is the con-
nection between fimbrial and toxin genes.
Porcine ETEC strains producing LT almost
always produce K88 (and haemolysin) as
well. Those that produce STa and/or STb
mainly produce F18ac, while the VTEC
strains (especially those of serogroup 0139)
have a strong tendency to produce F18ab
[80, 82, 84]. It would be logical to assume
that the ST toxin and F18 adhesin genes are
on the same plasmid. However, it was
proved not to be the case [89].

Knowing the complexity of the aetiol-
ogy of PWD the question remains as to why
so few serogroups and why so relatively
few virulence determinants are known to be
involved in PWD throughout the world [46,
124].

3.2.7. Diagnosis of porcine ETEC
infections

Diarrhoea in pigs at the suckling age and
within the first 2 weeks after weaning is
almost always accompanied by some type of
non-commensal E. coli infection. Today,
we already know of several types of porcine
ETEC (although it seems that other patho-
types can also complicate and partly induce
diarrhoea in newborn and especially in

weaned pigs). Furthermore, it should be
remembered that on the herd level diarrhoeal
episodes are infrequently monocausal. The
presence of one or more types of ETEC (for
example) can often be accompanied by
rotaviruses, caliciviruses, coccidia or by the
coronavirus of porcine epidemic diarrhoea
(PED) in both age groups but especially in
weaned pigs (45, 83]. In this chapter only
the diagnosis of infections due to known
and established types of ETEC will be dis-
cussed, which are in most cases the domi-
nant element of sporadic diarrhoeal diseases
on the herd level.

Diagnosis of ETEC infection is based on
the detection of known virulence factors
(and of the serogroup) of the suspected
ETEC. This would not necessarily require
culturing of bacteria (see below), but the
need to determine antibiotic resistance pat-
terns simultaneously makes culture and test
of bacterial attributes in vitro an accepted
routine for diagnostic laboratories. For cul-
tures, usually small intestinal or faecal sam-
ples are available, from which it is advis-
able to inoculate specific media (besides
classical media) required for preferential
growth of some adhesins (such as MINCA-
Is for K99, or Difco Blood agar Base with
sheep blood for 987P) [43, 76]. To test if
the isolates are ETEC, the fimbrial antigens
K88, K99, F41 and 987P can be detected
by slide agglutination using specific
absorbed sera or by latex agglutination for
which there are monoclonal antibody-based
kits available [ 113, 114]. Adhesive fimbria
produced in vivo can be more efficiently
detected by testing small intestinal smears of
diarrhoeal pigs using fluorescence antibody
assays. As there may be ETEC strains with-
out known (or detectable) adhesive viru-
lence factors, it is advisable to perform tests
for enterotoxins as well. LT and STa tox-
ins can be identified by ELISA or by latex
agglutination; unfortunately no such tests
are available for STb. DNA probes (hybridi-
sation and PCR) are also in use for in vitro
detection of almost all known virulence
genes of porcine ETEC [66, 78]. Their use,
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however, seems to be too expensive and
time consuming under routine diagnostic
laboratory conditions. Therefore, further
research has been, and is still being carried
out on techniques, such as the complex PCR,
that will facilitate their use by diagnostic
laboratories |37].

The diagnosis of PWD diarrhoea requires
careful consideration of the predisposing
factors and bacteriological results. There is
almost always a need for differential diag-
nostic investigations (such as virus detec-
tion) as well. Therefore, in the case of PWD,
it is strongly advised not to be content with
a possible bacteriological result detecting
some types of ETEC, but it is also neces-
sary to consider other physiological, envi-
ronmental, dietary and viral factors that may
sometimes be as important as the given
ETEC bacteria themselves [45]. Culturing
and/or immunofluorescent in vivo identifi-
cation of ETEC strains from the ilea of diar-
rhoeal pigs is the most effective and sim-
plest way of making a bacteriological
diagnosis (as described for diarrhoea of new-
borns). The bacteriological analysis of fae-
cal samples for ETEC is more difficult
because the bacteria present in the facces
may not reflect the microbial status of the
small intestine. There are a variety of in
vitro techniques that detect virulence fac-
tors (adhesins and toxins) of ETEC includ-
ing immunological and biological assays,
molecular probes (DNA hybridisation and
PCR) as mentioned above for newborn diar-
rhoea. Differential diagnosis should fre-
quently include the detection of rota- and
coronaviruses as well as spirochaetes and
Salmonella |45, 83].

3.2.8. Treatment and prevention of
neonatal and PW diarrhoea

Pigs suspected to have ETEC-induced
diarrhoea can be treated by oral and/or par-
enteral antibiotics as well as by fluids and
electrolytes, for which a wide range of ther-
apeutic products are available (as mentioned
above). In severe outbreaks, antibiotics can

be given (orally or parenterally) in the form
of routine treatment to all pigs soon after
birth (or after weaning). Depending on the
kind and the usage of antibiotics, treatments
should be continued for 3-5 days, and may
even be applied twice daily. Oral electrolyte
solutions (containing at least potassium,
dextrose and sodium chloride) are helpful
in diarrhoeal cases of both age groups, pro-
vided that they are accurately applied. In
most cases such fluids are offered for drink-
ing. It would be impossible to list all the
available products of different companies
within the frame of this review.

Medication and preventive treatment of
PWD is based on oral antibiotics (preferen-
tially through water) and on fluid/electrolyte
replacement. When choosing feed as a drug
vehicle (as part of a preventive regime), it
should be remembered that weaned pigs eat
less after weaning, and feed intake may
greatly vary between pigs within the same
group. Therefore, diarrhoeal pigs need indi-
vidual treatment. As antibiotic resistance is
very common among PWD ETEC isolates,
it is necessary to have resistance tests per-
formed very frequently, and to modify pre-
ventive and curative treatments accordingly.
Although the prophylactic use of antibiotics
is not an ideal solution for PWD either, sev-
eral piggeries have to rely on that kind of
prevention as well.

3.2.8.1. Prevention

There are several important aspects of
diarrhoeal disease prevention due to ETEC
in pigs. Among them, management tech-
niques (*all in all out’, clean and dry places,
‘fecd back of diarrhoeal faeces’, minimising
mastitis, metritis, agalactia syndrome
(MMA) in sows, etc.) and ‘good farming
practice’ are the most decisive in the long
run. This is especially true for techniques
serving for the prevention of postweaning
diarrhoca (feeding regimes, early and iso-
lated weaning, etc.). Prevention by breed-
ing resistant pigs, although theoretically pos-
sible, does not seem to be feasible for
practice today, as mentioned above. Immune
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prevention, primarily vaccination, is more
realistic and more in the scope of this paper
and will therefore be dealt with in some
detail.

One of the several areas of non-antibi-
otic and non-immune prevention of PWD
is the reduction of managemental factors
predisposing to the disease. These factors
include weaning age and weight, weaning
diet, overstocking and contaminated envi-
ronment from earlier stocks [45]. Supple-
mentation of water with acids [112] or of
feed with probiotics has been discussed and
advised but with no convincing evidence
for long-term efficiency [21].

As a way of passive immune prevention,
the addition of egg yolk containing specific
ETEC antibodies to postweaning pigs has
been suggested to be of good prophylactic
use [53, 123, 129].

3.2.8.2. Vaccinations against neonatal
diarrhoea

Vaccinations against neonatal diarrhoea
due to ETEC have been very successful
especially since the most prevalent adhesins
(K88, K99, 987P) and toxin (LT) became
standard components of the vaccines [68]. Tt
seems that LT could not only act as a pro-
tective antigen, but also as an oral adjuvant
[2].

Such vaccines are almost always used to
provide maternal immunity through immune
colostrum to the offspring. This requires
parenteral (or oral) application of the above
antigens well before farrowing. As a result,
passively acquired antibodies through
colostrum will protect piglets for about a
week against most types of ETEC under
normal farming conditions, provided that
piglets ingest immune colostrum early
enough and in an adequate quantity during
the first 12 h of life (before the sharp decline
in their absorptive capacity for colostral
immunoglobulins). There have been sev-
eral ways to improve the efficiency of mater-
nal parenteral vaccines against ETEC. One
of them is by applying the protective anti-

gens in the form of an ‘immune stimulat-
ing complex’ (ISCOM). ISCOM consists
of a matrix (of cage-like structures) with the
unique components QuilA and lipids in
equimolar ratios (for adjuvant activity), with
the antigens incorporated into the complex
by hydrophobic interaction [70]. Subunits
of fimbriae are hydrophobic and would
therefore be potentially incorporated into
ISCOM by hydrophobic interaction. In this
way much less antigen is needed for the
same level of immunity, thereby making
vaccine production more effective [79].

Some companies advise to use ‘in-feed’
vaccines (containing killed or live bacteria)
for sows or to combine them with parenteral
vaccines. The results of Moon et al. [69]
suggest that effective presentation of the
protective antigens would require the use
of live oral vaccines for such purposes. Such
oral vaccines, if licensed, could efficiently
stimulate the mucosa-associated lymphoid
system (GALT) so that secretory antibod-
ies (especially SIgA) — which are protected
from digestion — could be produced and pro-
vide the firmest protection. Strong lacto-
genic immunity mediated in this way lasts
for about the first 10-14 days of life. It
should be noted that first farrowing gilts are
less able to produce high levels of antibod-
ies whatever the route of immunisation. The
combination of ‘in-feed’ and parenteral vac-
cines can be recommended for first and sec-
ond pregnant gilts as well [69]. It should be
remembered, however, that licensing of live
oral bacterial vaccines for use in veterinary
medicine, especially those produced by
genetic engineering, is difficult in most
countries. Killed oral vaccines are, how-
ever, of limited value. Live oral vaccines
still represent a more controlled and more
effective way of specific immune preven-
tion of neonatal diarrhoea as compared to
the so-called ‘feed back’ (feeding of diar-
rhoeal faecal material to pregnant sows, as
practised on some farms). We could also
use recombinant Salmonella-vector vaccines
expressing the necessary adhesive epitopes
[5, 71]. Finally, it is hoped that more



ETEC in farm animals 277

progress in the area of genetically engi-
neered plants (containing the required anti-
gens produced for feeding) will be made in
the future.

3.2.8.3. Vaccinations against PWD

Vaccinations against PWD have not
shown much progress lately, although the
theoretical basis is clear and the need is
unquestionable. In-feed vaccines contain-
ing heat-treated ETEC bacteria have not
been consistently effective and most have
been removed from the market. Parenteral
vaccination of piglets before weaning is
advised by some companies but their effi-
cacy against PWD has not been convinc-
ingly demonstrated. At present the most
promising experiments are in the area of live
oral vaccines applied before weaning.
Bertschinger et al. [7] demonstrated the effi-
cacy of such a vaccine when a low-energy
diet was also given. Further experiments of
this group provided evidence about the pro-
tection of pigs against PWD and oedema
disease by a live oral vaccine containing F18
fimbria. A combined (live oral plus killed
parenteral) vaccine against PWD also seems
to be successful in preventing losses [4].

3.2.84. Final comments on immune
prevention

Protection of pigs from pathogenic E. coli
is a constant challenge for farmers and vet-
erinarians alike. This is partly because E. coli
is a highly flexible organism (acquiring new
virulence characters or masking the ones that
may be disadvantageous for survival) [65],
partly because there are several kinds of
infections (due to viruses and protozoa as
described above) and conditions that may
predispose the host to colonisation by ETEC,
thereby enhancing the chances for E. coli to
utilise its pathogenic potential. This is espe-
cially true if the porcine reproductive and
respiratory syndrome (PRRS) virus is intro-
duced into a hitherto uninfected herd, in
which neonatal and/or postweaning col-
ibacillosis will be triggered. In such herds,

preventive measures should include vacci-
nations and management techniques not only
against ETEC but also against PRRS to sup-
press this viral infection on a herd basis
(Nagy B. et al., unpublished observations).

3.3. ETEC infection of other
farm animals

Although there are several descriptions
of diarrhoeal diseases of farm animals (other
than the above-mentioned species) charac-
terised by higher than usual E. coli num-
bers in the small intestine and/or in the fae-
ces, at present there is little evidence about
enterotoxins and/or adhesins of E. coli
strains isolated from farm animals other than
pigs or ruminants.

Strains of E. coli inducing diarrhoea in
suckling or in weaned rabbits are charac-
teristic representatives of EPEC [91].

ETEC infection among horses was
described only in the late 1980s [50] without
details about adhesins and toxins or epi-
demiology. Experimental infections using
an E. coli K99+ strain derived form a diar-
rhoeal foal did not lead to reproduction of
the disease. By using the same model, how-
ever, a strain of K88+ ETEC of porcine ori-
gin did induce diarrhoea. In vitro studies
indicated that foals had some intestinal
receptors for K88 but not for K99 [117].

ETEC strains producing LT and/or ST
(belonging to mostly unidentifiable O
groups) were isolated from diarrhoeal chicks
on several farms in the Philippines [56]. The
LT of these avian strains proved to be iden-
tical with the LT of human ETEC strains
[L16]. E. coli in cats and dogs is the subject
of an accompanying paper [10].

4. CLONALITY OF ETEC

During the last two decades, plenty of
new information has become available about
gene flow, genetic drift and changes in
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genomic organisation influencing the vari-
ation and population structure of E. coli.
Furthermore, exciting questions about the
emergence and spread of pathogenic E. coli
such as ETEC and enterohaemorrhagic E.
coli (EHEC) seem to have been answered. A
bacterial clone — sensu stricto — is a closed
system of ancestors of a single bacterial cell
that accumulates differences only through
genetic processes within a single cell (point
mutations, inversions, duplications, dele-
tions, transpositions). In a more practical
sense, however, the term ‘clone’ is used for
a well-defined group of bacteria within a
species with many similarities from one
ancestor and not shared by other groups
[122]. Thus, genotypes are the criteria for
belonging to a clone, which may represent
attributes that have resulted not only by
divergence through mutations and subse-
quent periodic selection, but also by recom-
bination between bacterial cell lines. The
most likely way that pathogenic types of E.
coli can evolve is by recombination, espe-
cially in its additive form (genetic elements
from other bacterial species will integrate
into the E. coli genome). Examples of non-
enteric virulence genes recently transferred
into the E. coli genome are haemolysin-
encoding genes [33] or the genes encoding
macrolide lincosamine streptogramine resis-
tance [ 13].

The @rskov’s concept, i.e. that the E. coli
population is composed of widespread
clones, was first proven for EPEC strains
[88] into which the plasmid responsible for
localised adherence (LA) might have been
introduced through horizontal spread [122],
thereby conferring a selective advantage on
these EPEC strains. A similar example is
given by EHEC O157:H7 whose clone
might have evolved from EPEC O55:H7 by
phage transfer of shigella-like toxin genes
[122]. A further support for this concept
comes from the studies of Contrepois et al.
[19] who demonstrated that clonal relation-
ships exist among E. coli strains producing
CS31A non-fimbrial surface antigens [14] or
among ETEC producing F17a fimbriae [19].

In the case of porcine ETEC, however,
there is a high level of clonal diversity. For
instance, ETEC strains isolated from diar-
rhoeal suckling pigs (representing the
serogroups 09, 020, 0O101) showed an
extensive genetic diversity, without any pre-
dominant clone or clonal group [126]. A
similar example is given by these Australian
authors [44] for ETEC isolates from weaned
pigs. In another study we have found that
although the serotypes and virulence
attributes associated with PWD appear to
be limited, they have diverse chromosomal
backgrounds [124].

The diversity of porcine ETEC isolates
(representing diarrhoeal diseases) may be
interpreted as a sign of the causal diversity
of diarrhoeal diseases. They may also rep-
resent the cases of horizontal spread of vir-
ulence factors. This second hypothesis is
supported by the fact that most virulence
determinants of the ETEC strains are plas-
mid regulated. We should, however, also
remember the complex nature of, for exam-
ple postweaning diarrhoea of swines (mak-
ing the divergent causal factors another pos-
sibility for divergent clones). This may
indicate that the intestinal tracts of farm ani-
mals are a powerful ‘melting pot’ of bacte-
rial genes from which the emergence of new
pathotypes, by acquiring new virulence fac-
tors, can always be expected [94].

5. CONCLUSION

Enterotoxic enteric colibacillosis of farm
animals probably represents the most inten-
sively studied bacterial disease in veterinary
medicine. Results of these studies have
improved our understanding of pathogene-
sis of both human and animal diseases due
to ETEC and about the biochemical lan-
guages that bacteria use in communicating
with host cells. They have also improved
our knowledge about the molecular evolu-
tion of bacterial pathogenesis, in general.
Consequently, diagnostic and preventive
measures against ETEC have become more
efficient.
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In spite of these improvements, there is
still a series of intriguing questions to be
studied in relation to new (so far unknown)
virulence factors, to molecular mechanisms
of toxigenecity (secretion and export mech-
anisms of some enterotoxins and mecha-
nisms of stimulation of fluid and electrolite
secretion by intestinal absorptive epithelial
cells). The further identification of recep-
tors for adhesins and toxins as well as the
analysis of genetic determination of resis-
tance to the disease will probably be future
explanations to present day’s epidemiolog-
ical experiences.
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