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Enterotoxigenic Escherichia coli isolates that express 987P pili colonize the small intestine and cause diarrhea
in neonatal (<6-day-old) but not in older (>3-week-old) pigs. However, 987P+ E. coli isolates adhere in vitro
to small-intestinal epithelial cells from pigs of both ages. This indicates that older pigs as well as neonatal pigs
contain receptors for 987P pili and that resistance in older pigs is not due to a lack of intestinal receptors for
987P pili. In this study, we demonstrated that 3-week-old gnotobiotic pigs, like neonatal pigs, were colonized
and developed diarrhea when challenged with 987P+ E. coli. We compared 987P receptors in small-intestinal
epithelial cell brush borders and in intestinal washes (luminal contents) from <1-day-old, 3-week-old gnotobiotic,
and 3- to 4-week-old weaned pigs. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and blotted onto nitrocellulose filters, and 987P binding was demonstrated by immunoassay
using purified 987P pili. Multiple 987P-binding components ranging from 33 to 40 kDa were found in brush
borders from both 987P-susceptible (neonatal and gnotobiotic) and 987P-resistant (older) pigs; 987P binding to
these receptors, which we called 987R, did not correlate with 987P susceptibility. A <17-kDa 987P receptor,
987M, was found in the mucus fraction of intestinal washes from 987P-resistant older pigs. Only trace amounts
of 987M were detected in 987P-susceptible neonatal and gnotobiotic pigs. 987M comigrated with the 987P
receptor previously isolated from adult rabbits. Receptors for 987P in the mucus of older pigs may inhibit
987P-mediated intestinal colonization by preventing the attachment of 987P+ enterotoxigenic E. coli to
intestinal epithelial receptors for 987P.

Enterotoxigenic Escherichia coli (ETEC) strains cause
diarrhea in swine during the neonatal period and immedi-
ately after weaning. An important virulence attribute of
ETEC strains is their ability to colonize the small intestine.
987P, K99, and K88 pili (fimbriae) are proteinaceous, fila-
mentous bacterial appendages that promote adherence of
ETEC to the villous epithelium and thus facilitate intestinal
colonization. Host cell surface characteristics also play an
important role in susceptibility to ETEC diarrhea. Pilus-
specific receptors must be available on the villous epithelium
for pilus-mediated adherence to occur. The best evidence for
the existence of pilus-specific receptors was the demonstra-
tion that some pigs are genetically resistant to K88-mediated
ETEC diarrhea because they lack intestinal receptors for
K88 pili (14, 23).
Some pilus-mediated adherence is age specific. Strains of

ETEC that produce K99 pili (K99+ ETEC) or 987P pili
(987P+ ETEC) are commonly associated with diarrhea in
neonatal pigs but not in older pigs (17). Age-related resis-
tance to K99+ ETEC in swine is associated with an age-
dependent decrease of intestinal receptors for K99 pili (16,
21). The mechanism of age-related resistance to 987P-medi-
ated diarrhea is not known.

Age-related resistance to 987P+ ETEC diarrhea has been
demonstrated experimentally. Following intragastric inocu-
lation, 987P+ ETEC strains colonize the small intestine and
cause diarrhea in neonatal pigs but not in older postweaning
pigs (6, 7). After inoculation into ligated ileal loops, 987P+
ETEC strains are associated primarily with the villous
epithelium in neonatal pigs but are associated with mucus
and debris in the lumens in loops of older pigs (7). However,
987P+ ETEC strains do adhere in vitro to small-intestinal
brush borders isolated from both neonatal and older pigs,
indicating that there are 987P-specific receptors on brush

borders of both neonatal and older pigs (6, 7). Thus, age-
related resistance to 987P+ ETEC is not associated with an
absence of 987P receptors in older pigs, as in the case of
resistance to K99+ ETEC.

Rabbits, like older pigs, are resistant to 987P-mediated
adherence and colonization in vivo. However, 987P+ bacte-
ria do bind to intestinal epithelial cells from adult rabbits in
vitro, indicating that there are 987P-specific receptors on
these cells (3). A glycoprotein receptor for 987P has been
identified and isolated from adult rabbit small-intestinal
epithelial cell brush borders (4).
We hypothesized that age-related resistance to 987P-

mediated adherence and diarrhea in swine is due to age-
related differences in small-intestinal receptors for the 987P
pili. The objectives of the experiments described in this
article were (i) to determine whether gnotobiotic pigs, like
conventionally reared pigs, develop resistance to 987P+
ETEC-mediated diarrhea by 3 weeks of age and (ii) to
compare intestinal receptors for 987P pili in neonatal, gno-
tobiotic, and older pigs and adult rabbits.

(This work was presented in part at the 14th International
Symposium on Microbial Ecology and Disease, San Antonio,
Tex., 21 to 23 September 1989, and at the 90th Annual
Meeting of the American Society for Microbiology, Ana-
heim, Calif., 13 to 17 May 1990.)

MATERIALS AND METHODS
Bacteria. Porcine ETEC 987 (987P+, 09:K103:NM [18])

and I36, a 987P- mutant of strain 987 (12), were grown and
maintained under conditions that promote 987P pilus expres-
sion (3, 11, 13). All cultures were tested for 987P piliation by
slide agglutination with anti-987P serum before use (19).

Pigs. Neonatal pigs, <1 day old, were obtained by cesar-
ean section from four crossbred swine, deprived of colos-
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trum, and not fed (1). Gnotobiotic pigs, 3 weeks old, were
obtained from a crossbred sow by cesarean section and
maintained in isolators (25). The diet consisted of autoclaved
SPF-LAC (Borden, Elgin, Ill.) given three times daily for the
first week and twice daily thereafter. The pigs were started at
270 ml of SPF-LAC per day and gradually increased to 620
ml per day by 3 weeks. Older pigs, 3 to 4 weeks old, were
naturally farrowed by three crossbred swine (gilts) at the
National Animal Disease Center, weaned at 3 weeks of age,
and fed a postweaning diet (22).

Inoculations. Gnotobiotic pigs were inoculated intragastri-
cally at 3 weeks of age with 12 ml of half-strength tryptic soy
broth containing 1010 CFU of E. coli 987 or I36, as described
previously (18). Animals were sacrificed 18 h postinocula-
tion, and sections of ileum were collected for counts of
viable bacteria and for immunofluorescence and morphology
studies, as previously described (18). Pigs were considered
colonized if there were >108 bacteria per 5-cm segment and
if bacterial layers were seen microscopically.

Purified 987P pili. Purified 987P pili were prepared from
strain 987, as previously described (13). Pilus concentration
was determined by A280 by using a molar extinction coeffi-
cient of 0.337 (unpublished data).

Anti-987P serum. Anti-987P serum and the immunoglobu-
lin G (IgG) fraction were prepared as previously described
(7, 19).
Brush borders. Small-intestinal epithelial cell brush bor-

ders were isolated from neonatal, gnotobiotic, and older pigs
and from adult (>4-month-old) female New Zealand White
rabbits, as previously described (3, 22, 23). The brush
borders from each group, except those of the gnotobiotic
pigs, were pooled before being tested for 987P receptors.
The three samples from gnotobiotic pigs were tested individ-
ually. Brush borders were stored at -80°C until used.

Small-intestinal washes. Small-intestinal washes containing
luminal contents were obtained from neonatal pigs, gnotobi-
otic pigs, older pigs, and adult rabbits by rinsing small-
intestinal segments with a buffer that contained protease
inhibitors (10). This method is used in our laboratory for
collecting intestinal secretions for antibody determinations.
At necropsy, the ends of a 1- to 2-m segment from the lower
half of the small intestine were ligated, and the segment was
filled with 10 ml (neonatal pigs) or 50 ml (older pigs and
rabbits) of a solution containing 0.05 mg of soybean trypsin
inhibitor (Sigma, St. Louis, Mo.) per ml in 25 mM EDTA
(10) and placed on ice for transport to the laboratory. Upon
receipt in the laboratory, the segments were placed at room
temperature for 20 min, and then intestinal contents were
collected and centrifuged at 650 x g at 4°C for 10 min.
Phenylmethylsulfonyl fluoride (100 mM in 95% ethanol,
prepared fresh) was added to the supernatant (10 [lI of
phenylmethylsulfonyl fluoride per ml of supernatant), and
the supernatant was further clarified by centrifugation at
27,000 x g at 4°C for 20 min. The supernatant was removed,
and an additional 10 ,lI of phenylmethylsulfonyl fluoride and
10 pJ of 1% sodium azide per ml were added. This mixture
was incubated for 15 min at room temperature, and then
bovine serum albumin was added to 0.1% to provide an
alternate substrate for any remaining proteases. All samples
were stored at -80°C until used.

Intestinal mucus preparation. Intestinal washes were sep-
arated at room temperature by chromatography in 0.1 M
phosphate buffer (pH 7.0) on a Sepharose CL-4B column, as
described by Sherman and Boedeker (24). The column-
purified void volume was subsequently referred to as the
intestinal mucus preparation.

Filter blot assay for 987P receptors. Brush border and
intestinal wash preparations were adjusted for protein con-
tent, separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and electroblotted onto
nitrocellulose, and 987P receptors were identified by an

immunoperoxidase filter blot assay similar to that previously
described (4), with the following exceptions. Tris-buffered
saline (0.01 M Tris-154 mM NaCl, pH 7.4) was substituted
for phosphate-buffered saline, avidin-conjugated anti-rabbit
IgG and biotinylated horseradish peroxidase (Vectastain,
Vector Laboratories, Burlingame, Calif.) replaced horserad-
ish peroxidase-conjugated protein A, and 4-chloro-1-naph-
thol (0.5 mg of 4-chloro-1-naphthol per ml, 0.015% H202,
and 16.7% methanol in Tris-buffered saline) replaced o-dia-
nisidine as a substrate.
SDS-PAGE. Electrophoretic separations were performed

by the method of Laemmli (15) with precast SDS-10 to 20%
polyacrylamide minigels (Enprotech, Hyde Park, Mass.).
,-Mercaptoethanol was omitted from the sample treatment
buffers because it affected 987P binding to some receptors
(unpublished observation).

Protein and carbohydrate estimations. Protein concentra-
tions were estimated by the modified Lowry procedure
described by Peterson (20), with bovine serum albumin as
the standard. Total carbohydrate concentration was esti-
mated by the phenol-sulfuric acid method (9) with glucose as
the standard.

RESULTS

Intragastric inoculation of gnotobiotic pigs with 987P+
ETEC. To determine whether 3-week-old gnotobiotic pigs,
like conventionally reared pigs, are resistant to 987P+
ETEC-mediated diarrhea, we challenged six gnotobiotic pigs
via intragastric inoculation with ETEC 987 (987P+ ETEC).
Eighteen hours postinoculation, three of these pigs were
dead. The three survivors had severe diarrhea and were
severely dehydrated. All of these pigs were considered
colonized, as there were 1.5 x 109 bacteria per 5-cm segment
of ileum (geometric mean) and bacterial layers were seen on
the villous epithelium (Fig. 1A). In contrast, none of three
control gnotobiotic pigs challenged with ETEC 136, a 987P-
mutant of strain 987, had diarrhea or were colonized. These
pigs contained a mean of 3.6 x 108 bacteria per segment, but
no bacterial layers were seen on the villous surfaces (Fig.
1B). These 3-week-old gnotobiotic pigs resembled neonatal
pigs in their susceptibility to 987P-mediated ETEC diarrhea.
987P receptors in small-intestinal epithelial cell brush bor-

ders. Small-intestinal epithelial cell brush borders from neo-
natal, gnotobiotic, and older pigs were tested for 987P
receptors by the filter blot assay. Brush borders from all
three groups contained multiple 987P-binding components
with molecular masses ranging from 33 to 40 kDa (Fig. 2).
We called this complex 987R. The 987P receptor activity
(i.e., the intensity of the immunoperoxidase reaction when
similar amounts of protein were loaded onto the gel) of 987R
appeared to be greater in brush borders from gnotobiotic and
older pigs than in brush borders from neonatal pigs. Trace
amounts of <17-kDa 987P receptors that were similar to
987M in intestinal washes from older pigs (Fig. 3) were
detected in some, but not all, brush border preparations from
pigs in all three groups. In the example shown, only the
gnotobiotic pig brush borders showed <17-kDa receptor
activity (Fig. 2, lane B).
987P receptors in small-intestinal washes. To determine

whether there are different 987P receptors in the lumens of
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FIG. 1. Association of E. coli 987 with small-intestinal epithelium in gnotobiotic pigs. Frozen sections of ileum from 3-week-old
gnotobiotic pigs 18 h after challenge with strain 987 (A) or 136 (B) are shown. Sections were stained with fluorescein-conjugated anti-09:K103
serum. Most of the strain 987 bacteria were in layers adherent to villi. Most of the strain 136 bacteria were not adherent to villous epithelium
but were observed in the intestinal lumen.

the small intestines of older pigs that are resistant to 987P,
washes were collected from the small intestines of neonatal,
gnotobiotic, and older pigs, and 987P receptors were identi-
fied by the filter blot assay. A low-molecular-mass (<17-
kDa) 987P-binding component, called 987M, was seen in
intestinal washes from older pigs (Fig. 3, lane C). 987M was
found in the intestinal mucus preparation (void volume) after
intestinal washes from older pigs were separated by Sepha-
rose CL-4B chromatography (Fig. 3, lane D). Similar recep-
tors were seen in neonatal and gnotobiotic pigs (Fig. 3, lanes
A and B, respectively), but the 987P receptor activity in
these was less than that in washes from older pigs and is not

evident in the photomicrograph. Intestinal washes from
older pigs contained more carbohydrate relative to the
amount of protein than did washes from neonatal and
gnotobiotic pigs. However, when intestinal washes were
adjusted for carbohydrate concentration rather than for
protein concentration, the amount of 987M in the older pigs
still appeared to be greater (results not shown). None of the
intestinal washes contained any 987P receptors comparable
to 987R in porcine brush borders (Fig. 2).
Comparison with the 987P receptor isolated from rabbits.
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FIG. 2. Immunoperoxidase assay demonstrating 33- to 40-kDa
987P receptors (I, 987R) in small-intestinal epithelial cell brush
borders isolated from neonatal (lane A), gnotobiotic (lane B), and
older (lane C) pigs and <17-kDa (987M) receptors in brush borders
from gnotobiotic (lane B) pigs. 987P receptors were not detected
when incubation with 987P pili was omitted in the control assay (II).
Assays were performed as described in the text. Each well con-

tained 8 ,ug of total protein.

FIG. 3. Immunoperoxidase assay demonstrating <17-kDa 987P
receptors (I, 987M) in small-intestinal washes obtained from neona-
tal (lane A), gnotobiotic (lane B), and older (lane C) pigs. 987M was
present in the void volume (small-intestinal mucus fraction [lane D])
but not in the included volume (lane E) of intestinal washes from
older pigs after separation by Sepharose CL-4B chromatography.
987P receptors were not detected when incubation with 987P pili
was omitted in the control assay (II). Assays were performed as
described in the text. Wells contained 40 (lanes A through C), 6 (lane
D), or 202 (lane E) ,ug of total protein.
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FIG. 4. Immunoperoxidase assay demonstrating 987P receptors
(I, arrow) in the small-intestinal washes obtained from an older pig
(lane B) and in small-intestinal brush borders (lane C) and washes
(lane D) collected from adult rabbits. The 987P receptor that was
previously isolated from adult rabbits is shown in lane A. 987P
receptors were not detected when the 987P pili were omitted in the
control assay (II). Assays were performed as described in the text.
Wells contained 1 (lane A), 40 (lane B), 8 (lane C), and 50 (lane D)
,ug of total protein.

As shown in Fig. 4, 987M in intestinal washes from older
pigs (lane B) comigrated with the 987P receptor previously
isolated from rabbit brush borders (lane A) (4) and with
similar 987P receptors in brush borders (lane C) and intesti-
nal washes (lane D) collected from rabbit small intestines.
There were no 987P receptors comparable to 987R in porcine
brush borders (Fig. 2) in rabbit brush borders or intestinal
washes.

Effects of various treatments on 987P receptor activity.
Both the 987R and 987M in brush borders (Fig. 5, lane B) and
987M in intestinal washes (Fig. 5, lane G) from older pigs lost
their ability to bind 987P pili after they were boiled for 1 h.
Three freeze-thaw cycles, incubation for 4 h at 37°C, and
incubation for 24 h at 4°C (Fig. 5, lanes C through E,
respectively) did not appear to affect 987P binding by either
987R or 987M.

8CS?R

FIG. 5. Immunoperoxidase assay demonstrating the effects of
various treatments on the 987P receptors (987R and 987M) in
small-intestinal epithelial brush borders (lanes A through E) and
intestinal washes (lanes F and G) from older pigs. Brush borders that
had been stored at -80°C (lane A) were boiled for 1 h (lane B),
subjected to three freeze-thaw cycles (lane C), incubated at 37°C for
4 h (lane D), or stored at 4°C overnight (lane E). The intestinal wash
sample that had been stored at - 80°C (lane F) was boiled for 1 h
(lane G). The assay was performed as described in the text.

DISCUSSION

Strains of ETEC that produce 987P pili colonize the small
intestines and cause diarrhea in neonatal pigs but not in older
pigs. In this study, we found that 3-week-old gnotobiotic
pigs, like neonatal pigs, were colonized and developed
severe diarrhea when challenged with 987P+ ETEC. Thus,
unlike conventionally raised pigs, gnotobiotic pigs did not
develop resistance to 987P+ ETEC by 3 weeks of age.
987P+ bacteria bind in vitro to brush borders isolated from

both neonatal and older pigs (6, 7). This indicates that pigs of
both ages have receptors for 987P pili. We hypothesized that
987P receptors in the small intestines of neonatal and older
pigs are similar but that there are more 987P receptors in the
small-intestinal lumens of older pigs than in neonatal pigs (7).
Adherence of 987P+ bacteria to receptors in the intestinal
lumens of older pigs might prevent 987P-mediated intestinal
colonization by preventing the attachment or facilitating the
clearance of 987P+ bacteria.

Consistent with this hypothesis, brush borders from pigs
of both ages contained similar 987P receptors (987R) (Fig. 1)
and 987P binding to 987R appeared to be greater in brush
borders from 987P-resistant older pigs. However, since 987R
activity in brush borders from 987P-susceptible 3-week-old
gnotobiotic pigs resembled that of older (resistant) pigs
rather than that of neonatal (susceptible) pigs, these age-
related quantitative differences in 987R did not correlate
with age-related resistance to 987P-mediated colonization.

After inoculation into ligated ileal loops, 987P+ bacteria
are associated primarily with mucus and debris in the lumens
in loops in older pigs (7) rather than with the villous
epithelium as in neonatal and gnotobiotic pigs. In this study,
we found that intestinal washes from older pigs contained a
low-molecular-mass 987P receptor that we called 987M.
Trace amounts of 987M were also detected in neonatal and
gnotobiotic pigs. The intensity of 987P binding to 987M in
intestinal washes correlated with resistance to 987P-medi-
ated ETEC diarrhea; i.e., there appeared to be more 987M in
samples from 987P-resistant older pigs than in samples from
987P-susceptible neonatal and gnotobiotic pigs.
987M was found in the mucus fraction (void volume) after

intestinal washes from older pigs were separated by Sepha-
rose CL-4B column chromatography (Fig. 3, lane D). Al-
though components in this fraction should have molecular
masses in the millions, 987M had an apparent molecular
mass of <17 kDa by SDS-PAGE. This suggests that 987M
may be part of a larger complex in intestinal mucus or that it
is a degradation product. The 987P receptor isolated from
rabbits aggregates in aqueous solutions and also appears
larger by size exclusion chromatography than by SDS-
PAGE (4).
None of the intestinal washes examined contained any of

the larger 987R that was found on brush borders. This may
contradict our earlier hypothesis that 987P receptors that are
released from the brush borders of older pigs are responsible
for age-related resistance to 987P-mediated colonization.
However, it is possible that the smaller 987M in intestinal
washes represents a cleavage product of the larger 987R in
brush borders. The experiments described here can neither
support nor refute this hypothesis. However, there was no
apparent decrease in the amount of 987R or increase in the
amount of 987M after brush borders from older pigs were
subjected to repeated freezing and thawing or to incubations
at 4 or 37°C, conditions that might have facilitated degrada-
tion of the large receptor.

It is unlikely that 987P-specific secretory IgA antibody in
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the intestinal washes of older pigs was responsible for the
observed 987P binding because (i) secretory IgA does not
coelute with mucus on Sepharose CL-4B column chroma-
tography (2); (ii) the intestinal washes were collected from
pigs that had not been exposed to 987P+ bacteria and had not
received maternal milk for at least 6 days prior to collection
of intestinal washes; (iii) 987P receptors were detected in
intestinal washes from gnotobiotic pigs; and (iv) anti-porcine
IgA serum did not bind to the 987P receptors on Western
blots (immunoblots) (unpublished observation).
The lack of correlation between in vitro adherence and in

vivo intestinal colonization and diarrhea production by
987P+ ETEC in older pigs is similar to that observed for
adult rabbits (3). Also, antibodies against the glycoprotein
receptor for 987P isolated from rabbits (4) bind to goblet cells
in neonatal piglet ileum (5). We hypothesized that the small
intestines of older pigs contain 987P receptors that are
similar to the 987P receptors in rabbits. Consistent with this
hypothesis, 987M in the intestinal washes from pigs comi-
grated on SDS-PAGE with the 987P receptor isolated from
small-intestinal brush borders of adult rabbits (Fig. 4) (4) and
with similar receptors in intestinal washes from rabbits. The
987P receptors isolated from rabbit brush borders may have
originated in intestinal mucus. Like the rabbit 987P receptor,
987M appeared to contain carbohydrate; i.e., a band with a
similar molecular mass band was stained with periodic
acid-Schiff stain (results not shown).

Pilus-specific interactions with intestinal mucus have been
reported to either enhance or inhibit intestinal colonization
by enteric pathogens. Sherman and Boedeker (24) showed
that RDEC-1-piliated E. coli strains are associated with
luminal glycoproteins during in vivo infection of rabbits and
coaggregate with rabbit glycoprotein preparations in vitro.
They suggest that luminal glycoproteins within the mucus
layer in rabbit small intestines promote intestinal coloniza-
tion by serving as a site for the replication and colonization
of RDEC-1-piliated bacteria. In contrast, Drumm et al. (8)
demonstrated that mucus glycoproteins inhibited rather than
promoted the binding of RDEC-1 E. coli to rabbit ileal
microvillus membranes in vitro. Similarly, Laux and Cohen
(D. Laux and P. S. Cohen, 14th Int. Symp. Microbial Ecol.
Dis., 1989) reported that E. coli expressing K88 or K99 pili
bind to luminal glycoproteins from mouse small intestine and
colon. They suggest that specific receptors in mucus can
interfere with bacterial attachment to epithelial receptors
and may allow more efficient clearing of K88+ and K99+
bacteria.

In this study, we showed a correlation between age-
related differences in 987P receptors in porcine intestinal
mucus and susceptibility to 987P-mediated ETEC diarrhea.
We hypothesize that 987M in the intestinal mucus protects
older pigs from 987P-mediated diarrhea by preventing con-
tact between 987P pili and 987R on the brush borders.
Consistent with this hypothesis, intestinal washes from older
but not from neonatal or gnotobiotic pigs agglutinated
987P+ETEC in vitro (unpublished observation). This agglu-
tination precluded the use of in vitro inhibition studies using
isolated brush borders to determine whether intestinal mu-
cus from resistant pigs can inhibit the adherence of 987P+
bacteria to brush borders. Further in vivo studies are needed
to determine whether intestinal mucus from older pigs can
prevent 987P-mediated adherence and colonization in neo-
natal pigs.
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