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ABSTRACT

Electron microscopy was used
to study the interaction between
the glycocalyx of enterotoxi-
genic Escherichia coli strain
210 (09:K30+;K99-;F41-:H-) and
the glycocalyx of epithelial cells
in the ileum of experimentally
infected newborn colostrum-
deprived calves. Fixation of
tissues in anti-K30 antibody and
ruthenium red was used to sta-
bilize the bacterial glycocalyx so
that the spatial relationship
between the bacteria and the
intestinal epithelial cells could
be characterized.

Whenstrain 210 was grown in
vitro and reacted with anti-K30
antibody prior to staining with
ruthenium red, the extensive
glycocalyx could be clearly vis-
ualized surrounding the bacte-
rial cells. By negative staining,
an unidentified pilus was also
seen. Sections of ileum from
infected calves, which were not
fixed in antibody nor stained
with ruthenium red, revealed
attached bacteria which were
surrounded by an electron-
translucent zone and no visible
bacterial glycocalyx. When
ruthenium red staining was
used, the bacterial glycocalyx
partially collapsed during the
dehydration steps of fixation,
but could be seen as either a
fibrous capsule or an electron-

dense accretion on the bacterial
cell surface. When ileal tissue
was reacted for one hour in anti-
K30 antibody before staining
with ruthenium red, the bacte-
rial glycocalyx was seen as a dis-
crete electron-dense structure
up to 1.0 um thick which was in
intimate contact with the glyco-
calyx of the epithelial cells. The
importance of the bacterial exo-
polysaccharide to microcolony
formation on the villi could be
clearly visualized.

RESUME

Cette expérience consistait a
utiliser la microscopie électro-
nique pour étudier l'interaction
entre le glycocalice de la souche
entérotoxinogéne 210 d’E'sche-
richia colt (09: K30+; K99-;
F41-: H-) et celui des cellules
épithéliales de l'iléon de veaux
nouveau-nés et privés de colos-
trum, soumis a4 une infection
expérimentale. On utilisa la fixa-
tion des tissus dans des anticorps
anti K30 et la coloration au
rouge de ruthénium pour stabili-
ser le glycocalice des coliba-
cilles, afin de pouvoir caracté-
riser la relation spatiale entre
ces bactéries et les cellules
épithéliales de l'iléon.

Quand on cultiva la souche 210
in vitro et qu’on la soumit a 'ac-
tion des anticorps anti K30,

avantde la colorer avecle rouge
de ruthénium, on pouvait facile-
ment visualiser le glycocalice
extensif qui entourait les cellules
bactériennes. La coloration
négative permit aussi de voir un
filament protoplasmique non
encore identifié. Les sections de
I'iléon des veaux expérimentaux
qu’on ne soumit pas a 'action des
anticorps et qu’on ne colora pas
avec le rouge de ruthénium,
recelaient des bactéries atta-
chées A la muqueuse, entourées
d’'une zone translucide, a la
microscopie électronique, mais
dépourvues d’un glycocalice visi-
ble. Quand on utilisa la colora-
tion au rouge de ruthénium, le
glycocalice bactérien s’affaissa
partiellement, au cours des
étapes de déshydratation de la
fixation; on pouvait cependantle
voir, soit comme une capsule
fibreuse, soit comme une accré-
tion dense, 4 la microscopie élec-
tronique, sur lasurface des cellu-
les bactériennes. Par ailleurs,
lorsqu’on soumit des sections de
I'iléon des veaux expérimentaux
al'action des anticorps anti K30,
durant une heure, avant de
procéder a la coloration au
rouge de ruthénium, le glycoca-
lice bactérien se présenta sousla
forme d’une structure discreéte
et dense, au microscope électro-
nique; cette structure mesurait
jusqu’a 1 um d’épaisseur et elle
était en contact étroit avec le
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glycocalice des cellules épithé-
liales. On put aussi visualiser
clairement 'importance del’exo-
polysaccharide bactérien a
I'égard de la formation de
microcolonies sur les villosités
intestinales.

INTRODUCTION

In a previous paper we described
the attachment and spatial rela-
tionship between enterotoxigenic
Escherichia coli (ETEC) strain
B44 (09:K30+;K99+;F41+:H-) and
the ileal mucosa of colostrum-fed
calves(4). Attachment, multiplica-
tion and the subsequent formation
of microcolonies covering the
intestinal epithelial cells are criti-
cal steps in the pathogenesis of
diarrhea caused by ETEC. Pili
have been shown to be an impor-
tant mechanism of bacterial at-
tachment to the intestinal mucosa
in several animal species (12). Most
epidemiological studies of bovine
strains of E. coli have found a high
correlation between the presence
of K99 pili and enterotoxigenicity
(9, 13, 17), suggesting that K99
antigen is the main attachment
mechanism in calves. However,
there may be other mechanisms of
adherence in addition to K99 anti-
gen. Girardeau and co-workers
demonstrated the attachment of
K99- strains of E. colt to calf intes-
tinal villi in vitro, and suggested
the occurrence of two other pilus
attachment factors on calf ETEC
which they called F(Y)and F (31a)
(8, Girardeau, J.P., H.C. Dubour-
guier and M. Contrepois. 1979.
Attachment des E. coli entéropa-
thogénes a4 la muqueuse intesti-
nale. In gastro-entérites néon-
atales du veau, Société Francaise
de Buiatrie. pp. 53-66). More
recently, Morris et al described a
second pilus in addition to K99,
which occurs on ETEC strains
possessing 0 antigens 9 or 101, and
which they have labelled F41 (6,
18, 19). Smith and Huggins were
also able to reproduce diarrhea in
colostrum-deprived calves by
orally inoculating ETEC strains

which lacked the K99 antigen (21).
Using one of these strains obtained
from H.W. Smith (VIDO strain
210, serotype 09:K30+;K99-;F41-
:H-), Bellamy and Acres also rep-
roduced diarrhea in colostrum-
deprived calves and demonstrated
that the organisms attached to
intestinal mucosa. However, in
contrast to K99+ ETEC which
form layers covering intestinal
villi in the ileum and jejunum,
colonization of the villus surface by
strain 210 was much more focal
and was confined to the ileum (2).
The present study was conducted
to determine if the spatial relation-
ship between the glycocalyx of att-
ached bacterial cells and the gly-
cocalyx of the ileal mucosa in
colostrum-deprived calves chal-
lenged with ETEC strain 210 is as
intimate as that seen in calves
infected with ETEC strain B44.

MATERIALS AND METHODS

STRAINS OF E. COLI

Escherichia coli strains of the
serotypes 09:K30+;K99-;F41-;H-
(VIDO strain 210) and 09:K30-;
K99-(VIDO strain 211) were
obtained from Dr. H.W. Smith,
Houghton Poultry Research Sta-
tion, England. Both strains were
derived from an 09:K30+:K99+ calf
enteropathogenic strain, believed
to be reference strain B44, by
methods previously described (21).
Strains 210 and 211 were pre-
viously designated as the 0+ K+99-
and 0+K-99- variants respectively
by Smith and Huggins (21). Both
strains produced heat-stable ente-
rotoxin as detected by the infant
mouse assay (17). Neither strain
agglutinated with standard K99
antiserum when grown on Mineca
agar containing 1% Isovitalex!
(Minca-IS)(10). Strain 210, but not
strain 211, agglutinated in K30
antiserum. Strain 210 grown on
Minca agar was negative when
examined for the presence of F41
antigen using an indirect immuno-
fluorescent technique (personal
communication, J.A. Morris), and
had previously been shown not to
possess K88 or 987P pili (2).

PREPARATION OF ANTISERA

The antisera used were those
described previously (4). The K99
antiserum, which was prepared
using purified K99 antigen (11),
had an agglutinating titer of
1/2048 when tested against K99
reference strain B41 (0101:K99)
and the K30 antiserum had an
agglutinating titer of 1/64 when
tested against strain 210 grown on
blood agar.

PREPARATION OF
CULTURED CELLS FOR
ELECTRON MICROSCOPY

Aliquots (4 mL) of cells from
experimental cultures of strains
210and 211 grown on Minca-IS for
18 h at 37°C and washed once in
phosphate buffered saline (PBS),
were mixed with 0.1 mL of K30
antiserum (diluted 1:2 with PBS)
and held for one hour at room
temperature. Following this spe-
cific antibody stabilization, the
cells were washed in PBS and
fixed and processed in the pre-
sence of ruthenium red by the
methods of Mackie et al (16). Cells
to be examined by negative stain-
ing were mixed with an equal
volume of 2% (v/v) Zr0, (pH 7.0,
containing 0.2% sucrose) and a
drop of this mixture was placed on
polyvinyl Formvar-coated copper
grid, blotted and air dried.

INOCULATION OF CALVES

Two newborn Holstein bull
calves were removed from their
dams immediately after birth
before nursing had occurred and
were placed in individual isolation
rooms. At three hours of age they
were challenged orally by slowly
inoculating a trypticase soy broth
culture of E. coli strain 210 into the
back of the mouth using a 20 mL
syringe as previously described

(2).
COLLECTION OF TISSUE SAMPLES

Calves were examined at regu-
lar intervals following challenge
inoculation for the presence of
diarrhea. At 42 (Calf 80-40) and 25
(calf 80-42) hours of age the calves
were euthanized by an intravenous
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inoculation of sodium pentobar-
bitol (Euthanyl, MTC Pharma-
ceuticals, Hamilton, Ontario) and
tissue sections were taken from
five equally spaced sites in the
small intestine and processed as
described previously (4). For sta-
bilization of the bacterial cell cap-

sule, tissue sections were immersed
in a 1:5 dilution of K30 antiserum
for one hour at room temperature
prior to staining with ruthenium
red (15) and fixation.

RESULTS
When strains of ETEC were

Fig. 1. Electron micrographs of anti-K30 antibody-stabilized, ruthenium red-
stained ETEC strains grown on Minca-IS medium. Strain 211 (09:K30-:K99-) shows
no glycocalyx and no structures outside the outer membrane of the cell wall (Fig. 1a),
whereasstrain 210 (09:K30+:K99-;F41-:H-) shows distinct consolidated glycocalyces
varying from a relatively thin radially-arranged fibrous matrix (Fig. 1b), to very
extensive fibrous masses surrounding the cells in a radial pattern and occupying
more than 1 um of intercellular space (Fig. 1¢). The bars in these and all subsequent

electron micrographs indicate 0.1 um.
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grown on Minca-IS medium and
examined by TEM (as anti-K30
antibody-stabilized, ruthenium
red-stained preparations) the K30-
strain (211) was seen to lack any
discernable structure outside the
outer membrane of the cell wall
(Fig. 1a), while cells of K30+ strain
210 were seen to be surrounded
either by thin radially-structured
glycocalyces (Fig. 1b), or by very
extensive glycocalyces composed
of fibrous exopolysaccharide
material up to 1.0 um thick (Fig.
le). Negatively-stained prepara-
tions of strain 210 showed the pre-
sence of variable numbers of very
thin flexible pilus-like structures.
A comparatively heavily “piliated”
cell is shown in Fig. 2.

Electron microscopy of the
ileum (intestinal locations 4 and 5)
of colostrum-deprived neonatal
calves orally infected with strain
210 showed numerous bacteria in
immediate proximity to the
microvillus border (Figs. 3-7).
When both ruthenium red staining
and antibody stabilization were
omitted the bacterial cells were
seen to be separated from the
tissue surface, and from adjacent
bacteria and debris by an electron-
translucent zone of variable
dimensions (Fig. 3). When the
preparations were stained with
ruthenium red, but not stabilized
by specific antibody, the exopoly-
saccharide of the infecting bacte-
rial cells, which had collapsed to a
variable extent during dehydra-
tion, was seen to form either a
fibrous capsule (Fig. 4a) or a very
highly condensed electron-dense
accretion on the bacterial cell sur-
face (Fig. 4b).

When preparations of infected
tissue were treated with specific
anti-K30 antibody before fixation
and staining with ruthenium red,
the bacterial glycocalyces were
seen as thick consolidated electron-
dense structures surrounding the
bacterial cells and in intimate con-
tact with the brush border (Figs. 5,
6 and 7). These very extensive gly-
cocalyces were seen to completely
surround the bacteria and to play
an important role in the formation
of planar microcolonies at the
tissue surface. In areas into which



the stabilizing antibodies had
penetrated less well (Fig. 5, inset,
and the inner glycocalyces in Fig.
6) the bacterial glycocalyx is less
completely stabilized and consoli-
dated. The specificity of this stabil-
ization of the bacterial glycocalyx
is supported by the total lack of
stabilization of the tissue cell gly-
cocalyces at the microvillar
bordersseenin Fig.6and in Fig. 7
(arrows). Well stabilized glycoca-
lyces are seen at high magnifica-
tion in Fig. 7, and both the fibrous
nature of the exopolysaccharide
and its role in microcolony forma-
tion are clearly illustrated.

DISCUSSION

The ability of K99- strains of
encapsulated ETEC to colonize the
small intestine and cause diarrhea
in colostrum-deprived calves was
previously demonstrated by Smith
and Huggins (21); however, they
did not attempt to visualize at-

Fig. 2. Negative stain of cells of strain 210 showing very fine
flexible pilus-like structures. This strain had previously been
shown, by fluorescent antibody staining of intestinal sections,

to lack K99, K88, 987P antigens.

tachment of the bacteria to villus
epithelial cells. Bellamy and Acres
confirmed that strain 210, obtained
from H.W. Smith, caused diarrhea
in colostrum-deprived calves and
also demonstrated focal attach-
ment of this strain to the ileal
epithelium (2). The present report
confirms that strain 210 attaches
to intestinal epithelial cells, and
demonstrates that the degree of
contact between the glycocalyx of
adherent bacteria and the glyco-
calyx of epithelial cells in the ileum
isjustasintimate as that seen with
strain B44 (4).

The molecular architecture of
the cell surface of this strain is of
interest because it bears a pilus of
unknown function and is sur-
rounded by K30 capsular antigen,

an extensive fibrous polyanionic
glycocalyx composed of D-glu-
curonic acid, D-mannose and D-
galactose (3). This extensively
hydrated structure (22) condenses
during the dehydration steps used
in routine preparation of tissue for
electron microscopy (16), and
ruthenium red staining reveals the
remnants of this collapsed matrix
asaneven electrondense “crust” at
the cell surface (Fig. 4b). When the
collapse of the glycocalyx is less
complete (Fig. 4a), or when it is
prevented by cross-linking with
specific antibodies (16), this com-
plete fibrous surface structure is
seen to form a very coherent and
highly organized matrix close (ca
0.3 um) to the cell wall, and a much
more diffuse matrix that may

Fig. 3. Electron micrograph of a preparation of the ileum
(location 5) of a colostrum-deprived neonatal calf infected

with ETEC strain 210 (09:K30+:K99-;F41-:H-). Note the
absence of any electron-dense projections from the surfaces of
these cells and the extensive electron-translucent zones

separating these bacteria from the tissue surface.
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extend several um into the sur-
rounding milieu (Fig. 1¢). The gly-
cocalyx is not seen when the
K30 antigen is absent (Fig. 1a), or
when ruthenium red fixation is not
used (Fig. 3). Similar results were
observed when the attachment of
K99+ strains to the brush border of
colostrum-fed calves was exam-
ined using the same techniques (4).

The specificity of the stabiliza-
tion of the glycocalyces by anti-
K30 antibodies is attested to by the
lack of reaction with K30- cells and
by the fact that the chemically sim-
ilar (20) glycocalyx of the epithe-
lial cells of the ileum is not affected
in any way by these sera. Consoli-
dation of the glycocalyx is more

complete where this structure is
most accessible to stabilizing
antibodies (Fig. 6), but this greater
access to antibodies changes only
the degree of consolidation and not
the spatial extent of the glyco-
calyx.

When the real extent and distri-
bution of the glycocalyces of these
bacteria is seen in antibody-
stabilized preparations, the role of
these fibrous exopolysaccharide
structures in the formation of
microcolonies is obvious. Stabili-
zation of the bacterial glycocalyx
reveals that this exopolysaccha-
ride material connects neighbour-
ing bacterial cells so that planar
microcolonies form on the surface

v
T

of the infected tissue. Similar
microcolonies are often seen in
natural ecosystems such as streams
(7), soils (1), and the bovine rumen
(5), and in pathogenic systems such
as the infected lung in eystic fibro-
sis (14).

The mechanism of attachment of
strain 210 to the ileal mucosa of
calves is unknown. By negative
staining, cells of this strain grown
on Minca-IS had pili that did not
react with antiserum to the known
attachment factors (K99, F41,
987P, K88) found on ETEC iso-
lated from calves, sheep or swine.
It is possible that adhesion is
mediated by this undefined pilus.
In addition, this strain possesses a

¥ ey $) ..*= R k:

—f Fig. 5. Electron micrograph of a K30 antibody-stabilized,

Fig. 4. Electron micrograph of a ruthenium red-stained
preparation of the ileum (location 5) of a colostrum-deprived
neonatal calf infected with ETEC strain 210. Collapse of the
exopolysaccharide glycocalyces of the bacteria produces
either a matrix of electron-dense fibres (Fig. 4a) or a very thin
electron-dense accretion at the bacterial cell surface (Fig. 4b).
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ruthenium red-stained preparation from the same source
used in Fig. 4. Note the stabilization which produced a highly
consolidated and very extensive electron-dense glycocalyx
surrounding the infecting bacteria and the obvious role
played by thisstructure in the formation of planar microcolo-
nies at the surface of the infected tissue. In the intervillus
space of the ileal epithelium, where access of the specific
antibody was limited, a less consolidated stabilization of the
bacterial glycocalyx is seen (inset).



capsular antigen (K30) and the
exact role of this glycocalyx in at-
tachment is not known. From this
study, as well as the previous one
on strain B44, it is evident that
large amounts of this dense fibrous
material is formed in vivo, encap-
sulates the attached bacterial cells,
and is in intimate contact with the
brush border. A clearer definition
of the specific role of the pilus and
the glycocalyx in colonization of
the ileum requires further study.
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Fig. 6. As Figure 5. Note the heavily consolidated stabiliza-
tion of the more accessible outer bacterial glycocalyces and
the less consolidated stabilization of the less accessible inner
glycocalyces.
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