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Interactions between Yersinia enterocolitica and Rabbit Ileal Mucus

Growth, Adhesion, Penetration, and Subsequent Changes in
Surface Hydrophobicity and Ability To Adhere to Ileal
Brush Border Membrane Vesicles
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Interactions between Yersinia enterocolitica and rabbit ileal mucus were examined. Strains carrying the
Yersinia virulence plasmid, pYV, adhered to crude mucus but not to intestinal luminal contents that had been
immobilized on polystyrene. Using an Y. enterocolitica O:9 mutant in which the yadA gene (formerly called
yopA), encoding the high-molecular-weight outer membrane protein YadA (formerly called protein P1 or
Yopl), had been inactivated and an Escherichia coli strain carrying the cloned yadA gene, we demonstrated
that the ability to adhere to mucus correlated closely to expression of YadA. Thereafter, we evaluated possible
consequences of binding between pYV-carrying Y. enterocolitica O:3 strains and constituents in the mucus
layer. pYV-carrying strains were able to multiply at a high rate in mucus but not in luminal contents, and the
ability to adhere to mucus could therefore facilitate bacterial colonization of the mucosa. However, we also
showed in vitro that mucus acted as a barrier for a mucus-adherent, pYV-carrying Y. enterocolitica strain.
Furthermore, penetration through, or preincubation with, mucus reduced subsequent adhesion of the
pYV-carrying strain to brush border membrane vesicles without simultaneously causing bacterial aggregation.
Preincubation with mucus also changed the bacterial surface of the same strain from hydrophobic to
hydrophilic. Inmunoglobulins present in mucus did not seem to be of importance for our observations.
Interaction of Y. enterocolitica with intestinal mucus may thus reflect a host defense mechanism that reduces
the pYV-mediated adhesion to the epithelial cell membrane, possibly by rendering the bacteria less
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hydrophobic.

Several mechanisms that promote adhesion of pathogenic
yersiniae to eucaryotic cell membranes have been described
previously (13, 17, 32, 37). In the intestinal tract, contact
between an invading bacterium and the epithelial surface
must be preceeded by penetration through the mucus layer.
Interaction with mucus may thus take place before bacterial
adherence to the epithelial cell membrane can be estab-
lished. The existence of bacterium-mucus interactions has
been documented in previous studies. Some microorganisms
are able to adhere to intestinal mucus (8, 10, 20, 22, 27, 31,
33, 34, 39, 41, 46, 49). It has also been shown that microbial
interaction with mucus may cause dramatic changes in the
subsequent ability of the microbe to adhere to other sur-
faces. Increased (50) and decreased (6, 9, 27, 30) adhesion
have been described previously.

A strain of Yersinia enterocolitica O:3 carrying the 70-kbp
Yersinia virulence plasmid, pYV, has been reported to bind
to immobilized intestinal mucus, and incubation of the same
strain with mucus decreased subsequent adhesion to intes-
tinal brush border membrane vesicles (BBVs) (27). In this
study, we have further examined possible consequences of
interaction between Y. enterocolitica and intestinal mucus.
We demonstrate that mucus is an excellent nutrient medium
for Y. enterocolitica, that the Yersinia outer membrane
protein YadA promotes adhesion to immobilized mucus,
that penetration through mucus is selectively delayed for
strains carrying the pYV plasmid (pYV™ strains), and that
interaction with mucus decreases the surface hydrophobicity
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and subsequent adhesive abilities of pYV™ strains without
causing bacterial aggregation.

(In accordance with the nomenclature decided at the
University of California at Los Angeles meeting on molecu-
lar biology of yersiniae, 22-27 February 1990, the Yersinia
outer membrane protein that was formerly called protein P1
or Yopl is designated YadA in this publication and the
corresponding gene is designated yadA instead of, as for-
merly, yopA.)

MATERIALS AND METHODS

Bacteria and culture conditions. All strains used have been
described previously. The 12 Y. enterocolitica strains
YeO301P* to YeO310P* (serotype O:3), NY8171* (sero-
type 0:8), and 3315 (serotype 0:9) are all pYV™, while
strains YeO301P~ to YeO310P~, NY8171~, and 3315~ are
the corresponding pY V™ counterparts (35). Six other plas-
mid-lacking strains belonged to serotypes that are not com-
monly associated with disease: serotypes O:5a (strain
96874), O:6 (strain 96983), O:6 (strain 96999), 0:6,30 (strain
IP102), O:7 (strain IP107), and O:14 (strain 96222) (35). Four
derivatives of Y. enterocolitica W22708 (serogroup 0:9)
were kindly donated by G. Cornelis (University Catholique
de Louvain, Unité de Microbiologie, Brussells, Belgium):
the wild-type strain W22708(pYVe227); the Tn3 insertion
derivative W22708(pYL4), which still expresses the Yersinia
outer membrane proteins and is Ca2* dependent; the inser-
tion mutant W22708(pGB910), which does not produce
YadA; and the plasmid-cured strain W22708 (4). Escherichia
coli PM191 and PM191(pBR322), which contains the cloning
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vector, are negative controls for E. coli PM191(pYMS4),
which contains the cloned yadA gene, encoding YadA, of Y.
enterocolitica 6471/76 (serotype 0:3) (44).

The strains were stored at —80°C in nutrient broth with
20% glycerol. For adhesion experiments, the bacteria were
grown at 37°C for 20 h in Eagle minimal medium with Hanks
bdlanced salts (EMM), (Flow Laboratories, Irvine, Scot-
land) and 10% fetal calf serum. These conditions promote
the expression of YadA (19). Thymidine(methyl-*H) (New
England Nuclear, Boston, Mass.) (20 nCi/10 ml of medium)
was added. After harvesting, the bacteria were washed twice
in phosphate-buffered saline, pH 7.4 (PBS), and the concen-
tration was adjusted spectrophotometrically at 540 nm with
PBS to about 8 X 108 CFU/ml. Selective agents were
kanamycin (100 png/ml) and ampicillin (50 pg/ml). For exper-
iments to study growth in mucus and luminal contents, Y.
ente¥ocolitica strains were grown on blood agar plates for 24
h at 20°C.

For sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting, strain
YeO301P* was grown in a rich medium consisting of 1%
tryptone, 0.5% yeast extract, and 0.2% glucose supple-
mented with the salts described by Higuchi et al. (14) and 20
mM sodium oxalate. The strain was inoculated into 100 ml of
medium and grown for 16 h at 20°C in a shaking water bath.
Thereafter, fresh medium was added to give a 20-times
dilution and incubation was continued for 4 h at 37°C. The
bacteria were harvested, washed twice, and kept in small
aliquots at —20°C until immunoblotting was performed.

Isolation of crude mucus and luminal contents. Crude
mucus was isolated from the ilea of four adult rabbits (stock
SSc:CPH; Statens Seruminstitut, Copenhagen, Denmark) as
described by Laux et al. (22). Simultaneously, ileal luminal
contents were collected. Briefly, intestinal luminal contents
were gently expressed from the excised ilea and transferred
into 5 ml of ice-cold PBS. Thereafter, the ilea were opened
and mucus was gently scraped off the walls with a rubber
spatula into another 5 ml of PBS.

The mixtures were agitated on a vortex mixer for 10 min,
and contaminating epithelial cells, membranes, and other
debris were removed by centrifugation three times at 27,000
X g for 15 min. The protein concentrations were determined
by the method of Lowry et al. (24). Crude mucus and luminal
contents were kept in small aliquots at —20°C. The crude
mucus was designated mucus(non-imm.).

Crude mucus was also isolated from two rabbits that 2
months previously each had received 10° CFU of strain
YeO301P* in 10 ml of 10% NaHCO, by intragastric inocu-
lation. In the rabbit model, such an inoculum of Y. entero-
colitica O:3 induced diarrhea and histopathological changes
in the small intestine (38). The crude mucus thus isolated
was designated mucus(imm.).

Adsorption of immunoglobulins from crude mucus. Immu-
noglobulins were adsorbed from mucus(non-imm.) and mu-
cus(imm.) with agarose gel beads (Affi-Gel 10; Bio-Rad,
Richmond, Calif.) coupled with swine antibody to rabbit
immunoglobulins (Dakopatts, Copenhagen, Denmark) (3).
Affi-Gel 10 (8 ml) was mixed with 14 ml of antibody (50
mg/ml in 0.1 M morpholinopropanesulfonic acid, pH 7.5
[Sigma, St. Louis, Mo.)), incubated for 4 h at 4°C with gentle
agitation, and blocked with 0.8 ml of 1 M glycine, pH 8.0.
After incubation for 1 h at 4°C, the gel was washed and
divided into four equal portions. Mucus(non-imm.) (4 ml)
and a similar volume of mucus(imm.) (both 15 mg of protein
per ml) were each adsorbed twice with Affi-Gel 10-coupled
anti-rabbit immunoglobulins. The first incubation was per-
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formed overnight at 4°C, and the second incubation was
performed for 6 h at 4°C. Between the two adsorptions, the
gel was removed by centrifugation and fresh gel was added.
Mucus(non-imm.) and mucus(imm.) from which immuno-
globulins had been adsorbed were designated mucus(non-
imm./Ig-ads.) and mucus(imm./Ig-ads.), respectively. For
control experiments, mucus samples were adsorbed with
Affi-Gel 10 that had incubated with morpholinopropanesulfo-
nic acid without immunoglobulins but otherwise had been
treated as described above. The portions thus adsorbed were
designated mucus(non-imm./c-ads.) and mucus(imm./c-
ads.).

Isolation of BBVs. BBVs were prepared from the ilea of
adult rabbits as previously described (35, 37). BBVs were
suspended in PBS and kept in small aliquots at —20°C.

Adhesion assays. A previously described modification of
the method described by Laux et al. (22) was used to
quantitate adhesion of Y. enterocolitica (35, 37). In short,
96-well polystyrene microtiter plates (Maxisorp; Nunc,
Roskilde, Denmark) were coated with BBVs, different prep-
arations of mucus, or luminal contents (0.2 mg in 0.1 ml).
PBS was added to control wells. Residual binding sites were
blocked with 0.15 ml of 5% bovine serum albumin (BSA). All
experiments were performed in triplicate. Samples of radio-
labeled Y. enterocolitica or E. coli (0.1 ml, 8 X 108 CFU/ml,
if not stated otherwise) were added to each well. The plates
were incubated for 1 h at 37°C and then washed three times
with warm (37°C) PBS. Adherent bacteria were recovered
with 0.15 ml of 5% SDS, and radioactivity was determined
by liquid scintillation counting. Thereafter, the number of
adherent bacteria per well was calculated (CFU/well =
cpm/well X CFU/cpm). The variation of the method was
determined as previously described (36). Within a single
experiment, the coefficients of variation for adhesion to
BBVs and crude mucus were 19 and 14%, respectively (95%
upper confidence limits, 50 and 36%, respectively). Between
experiments performed on different days, the coefficients of
variation for adhesion to BBVs and crude mucus were 49
and 38%, respectively (95% upper confidence limits, 124 and
98%, respectively). )

Periodate oxidation of immobilized mucus. Wells contain-
ing immobilized mucus(non-imm.) were incubated for 4 h at
4°C with 0.1 ml of 10 mM sodium metaperiodate in 0.2 M
sodium acetate buffer (pH 4.5) (23). Control wells contained
10 mM sodium iodate in sodium acetate buffer or plain
buffer. Adhesion assays with strain YeO301P* were per-
formed after the wells were washed three times with PBS.

Addition of monoesaccharides. L-Fucose, D-galactose,
D-mannose, N-acetyl-D-galactosamine, N-acetyl-D-glu-
cosamine, or sialic acid was mixed with bacteria (strain
YeO301P%) in final concentrations of 10 mg/ml. Thereafter,
the mixtures were added to wells with immobilized mucus-
(non-imm.) for adhesion assays as described above.

In vitro penetration through mucus and subsequent adhe-
sion to BBVs. The mucus penetration assay was performed
as described by others (29, 30, 34). BBVs immobilized in
polystyrene wells were covered with a layer of one of the
mucus preparations (0.1 ml, 5.0 mg of protein per ml) or BSA
(similar volume and protein concentration) or PBS as a
control. Samples of Y. enterocolitica (0.1 ml, 8 x 108
CFU/ml) were then carefully added. The bacteria were
allowed to run down the sides of each well and across the
upper surface of the mucus layers. The bacterial samples
formed a distinct layer above the mucus and BSA layers but
mixed almost instantaneously with the PBS. The plates were
incubated for 4 h at 37°C. Shorter incubation failed to
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promote significant adhesion in the control wells. One set of
triplicate wells was aspirated to remove all bacteria except
those which had penetrated all the way through the mucus
layer. Another identical set of triplicate wells was also
aspirated and thereafter washed three times with 37°C PBS,
thus leaving only adherent bacteria. Radioactivity remaining
in each set of triplicate wells was then determined as
described above.

Incubation with mucus before adhesion to BBVs. Samples
of Y. enterocolitica (8 x 108 CFU/ml) were incubated with
similar volumes of the different mucus preparations or BSA
(all 5 mg of protein per ml) or PBS for 30 min in a 37°C water
bath. Thereafter, the mixtures were added (0.1 ml) to immo-
bilized BBVs for adhesion assays or subjected (0.1 ml) to
examinations of surface hydrophobicity.

Growth in mucus and luminal contents. Samples of mucus-
(non-imm.) (pH 7.35, 15.0 mg of protein per ml) and luminal
contents (pH 7.35, 6.5 mg of protein per ml) were passed
through a 0.45-pm-pore-size filter (Sartorius, Gottingen,
Federal Republic of Germany). Thereafter, 0.45 ml of mu-
cus(non-imm.) and 0.45 ml of luminal contents were each
inoculated with 0.05 ml of PBS containing about 10* CFU of
the strain to be tested. These preparations were incubated
aerobically at 37°C. After 0, 5, and 20 h, 0.1-ml samples were
removed, serially diluted, and plated out on blood agar
medium.

SDS-PAGE. Whole-cell bacterial samples were dissolved
in Laemmli sample buffer (21) by boiling for 3 min and
thereafter were separated by SDS-PAGE (37). The samples
were then electroblotted onto nitrocellulose paper (Schle-
icher & Schuell, Dassel, Federal Republic of Germany) as
described by Shand et al. (42). After blocking of residual
binding sites by incubation of the paper in 0.1% Tween in
PBS for 1 h, the paper was cut into vertical strips and
incubated for 2 h with samples of different mucus prepara-
tions diluted 1:20 in 0.1% Tween in PBS. All steps were
performed at room temperature. After being washed three
times, the nitrocellulose paper was incubated for 1 h with
horseradish peroxidase-conjugated swine antibody to rabbit
immunoglobulins (Dakopatts). After three washes, peroxi-
dase activity was visualized with tetramethylbenzidine
(Merck, Darmstadt, Federal Republic of Germany) (15).

Surface hydrophobicity. Surface hydrophobicity was eval-
uated as previously described (35, 37), using the two-phase
dextran-polyethylene glycol separation system of Magnus-
son and Johansson (25).

Statistics. A change in adhesion of a specific strain was
considered to be significant if it exceeded the 95% upper
limit of the coefficients of variation. When test results from
an experiment that was repeated six times were compared, a
difference was considered significant if it was present in all
six experiments, making the probability, P, of the difference
being coincidental =(1/2)%, i.e., 0.016. Differences in adhe-
sion between two groups of strains were tested by means of
the Wilcoxon rank sum test for paired data. The level of
significance was preset to P < 0.05.

RESULTS

Adhesion to immobilized mucosal constituents. Adhesion of
different Y. enterocolitica strains to mucus(non-imm.) immo-
bilized in polystyrene wells is shown in Fig. 1A. Background
binding to BSA is illustrated in Fig. 1B. pYV™" strains
adhered significantly better to mucus(non-imm.) than to
BSA, while such a difference was found for neither pYV™
strains nor strains of nonpathogenic serotypes. Binding to
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FIG. 1. Adhesion of isogenic pYV* and pYV~ and nonpatho-
genic strains of Y. enterocolitica to rabbit ileal mucus (A) and BSA
(B) immobilized on polystyrene. Each point is the mean from
triplicate samples. All determinations were performed within one
experiment. Bars indicate median values.

immobilized luminal contents did not exceed background
binding to BSA for any of the groups of strains examined.
The number of CFU in the bacterial inocula did not change
within the 60-min incubation period, as evaluated by serial
dilution and plating on blood agar. Maximal binding of the
pYV™ strain YeO301P* to BBVs, mucus(non-imm.), and
luminal contents is illustrated in Fig. 2. It is evident that the
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FIG. 2. Relation between concentrations of rabbit ileal BBVs,
mucus, and intestinal luminal contents in coating solutions for
polystyrene wells and adhesion of Y. enterocolitica YeO301P*.
Each point is the mean from triplicate samples. All determinations
were performed within one experiment.
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FIG. 3. Adhesion of Y. enterocolitica O:9 strains (A) and E. coli PM191 strains (B) to immobilized rabbit ileal mucus. Mean values and
standard deviations from six experiments (each performed in triplicate) are given. Hatched columns indicate YadA-producing strains.
Asterisks indicate significant differences between a YadA-producing strain and each of the controls that do not produce YadA.

binding potential to BBVs was greater than that to mucus.

Characteristic of the binding of pYV™ Y. enterocolitica to
mucus. Adhesion of the pYV™ strains to mucus(non-imm./
Ig-ads.) and mucus(non-imm./c-ads.) was very similar. Me-
dians (ranges) were 3.3 (1.8 to 7.6) X 10° and 3.4 (1.6 t0 9.3)
x 10° CFU/ml, respectively. Addition of sugars present in
mucin, the glycoprotein responsible for the viscoelastic
character of mucus (1), did not cause inhibition of binding of
strain YeO301P™* to mucus(non-imm.) (range of adhesion, 82
to 111% of PBS control adhesion). Oxidative treatment of
potential receptor molecules present in immobilized mucus-
(non-imm.) with sodium metaperiodate was also found not to
decrease binding (adhesion, 111% of adhesion of control
with sodium iodate and 95% of that of control with buffer).

Inactivation of the yadA gene (the gene encoding YadA) in
Y. enterocolitica W22708(pYL4) yielded the insertion mu-
tant W22708(pGB910) (4). Adhesion to mucus(non-imm.) in
strain W22708 was significantly reduced to a level compara-
ble with that of the plasmid-cured strain W22708 (Fig. 3A).
When the yadA gene was introduced into E. coli PM191,
adhesion to mucus increased significantly compared with
that in controls (Fig. 3B). The increase was small but present
in all experiments performed.

Incubation with, and penetration through, mucus and the
subsequent adhesion to BBVs. Strain YeO301P*, but not
strain YeO301P~, was significantly retarded in its travel
through mucus(non-imm.) compared with its travel through
PBS and BSA (Fig. 4A). After penetration through PBS and
BSA, adhesion to BBVs by strain YeO301P* was two to
three times greater than that by strain YeO301P~. However,
penetration through mucus(non-imm.) significantly reduced
the adherence of strain YeO301P* to a level comparable
with that of strain YeO301P~ (Fig. 4B). Preincubation with
mucus(non-imm.) resulted in a similar reduction in subse-
quent adhesion of strain YeO301P* to BBVs (Fig. SA).
Surface hydrophobicity of strain YeO301P™*, as evaluated in
the two-phase partitioning system, was unaffected by prein-
cubation with PBS and BSA. However, preincubation with
mucus(non-imm.) conferred on the bacteria a significantly
more hydrophilic surface (Fig. SB).

To study whether secretory immunoglobulins in the mu-
cus layer contributed to the reduction in binding of strain
YeO301P* to BBVs, crude mucus from normal nonimmu-

nized rabbits and perorally infected rabbits were subjected
to adsorption of immunoglobulins. The efficacy of the ad-
sorption was documented by means of immunoblotting (Fig.
6). Because mucus from normal rabbits did not contain
detectable antibodies against Y. enterocolitica antigens, we
included mucus from immunized animals in these experi-
ments. Penetration of YeO301P* through the different mu-
cus preparations was not altered, and neither was the
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FIG. 4. Penetration of Y. enterocolitica YeO301P* and
YeO301P~ through rabbit ileal mucus or controls (A) and subse-
quent adhesion to BBVs (B). Mean values and standard deviations
from six experiments (each performed in triplicate) are given.
Asterisks indicate significant differences between the two strains
tested.
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FIG. 5. Adhesion (A) and two-phase partitioning (B) of Y. en-
terocolitica YeO301P* and YeO301P~ to rabbit ileal BBVs after
preincubation with mucus or controls. Mean values and standard
deviations from six experiments (each performed in triplicate) are
given. Asterisks indicate significant differences between the two
strains tested.

subsequent adhesion to BBVs (Table 1). Correspondingly,
incubation of YeO301P* with each of the mucus prepara-
tions prior to adhesion assays reduced binding to BBVs to
similar degrees (Table 1). Incubation with mucus did not
cause aggregation of the bacteria, as evaluated by means of
phase-contrast microscopy performed on wet mounts.

Growth in mucus and luminal contents. Three pYV™*
strains and the three corresponding pYV ™ strains were
inoculated into separate samples of mucus(non-imm.) and
luminal contents. All strains grew well in mucus(non-imm.)
but not in luminal contents (Fig. 7).

DISCUSSION

The composition of intestinal mucus is complex. Its major
components are mucins, high-molecular-weight glycopro-
teins that are able to bind large quantities of water, thus
conferring on mucus the characteristic viscoelastic, gel-
forming properties (1). Other constituents in mucus include
nonmucin glycoproteins, secretory immunoglobulin A, frag-
ments of sloughed epithelial cells, and plasma proteins. It is
often claimed that the mucus layer acts as a mechanical
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FIG. 6. Immunoblot analysis of mucus(non-imm./c-ads.) (lane
A), mucus(non-imm./Ig-ads.) (lane B), mucus(imm./c-ads.) (lane C),
and mucus(imm./Ig-ads.) (lane D) against whole-cell bacterial sam-
ples of Y. enterocolitica YeO301P*. The sizes of molecular weight
markers (MW) are given in kilodaltons.

barrier for microorganisms present in the intestinal lumen
(12), thus protecting the epithelial surface from being colo-
nized by enteropathogenic organisms. The experiments de-
scribed in this communication were performed in order to
examine the possible consequences of interaction between
Y. enterocolitica and the intestinal mucus layer.

Mantle et al. (27) found that a pYV™ strain of Y. entero-
colitica O:3 adhered better to immobilized rabbit intestinal
crude mucus than did its isogenic pYV™ counterpart. We

TABLE 1. Influence of interaction of Y. enterocolitica
YeO0301P* with different mucus preparations®

% % Adhesion to BBVs after:
Prepn Penetration
through . . .

PBS Penetration?  Preincubation®
PBS 100 29 + 15 100
BSA 81 + 14 35+ 10 107 = 24
Mucus(non-imm./Ig-ads.) 45 = 7.1 6.2 + 3.2 12 + 4.7
Mucus(non-imm./c-ads.) 54 £ 10.0 5.5 = 3.0 10 = 3.1
Mucus(imm./Ig-ads.) 49 =270 3.0=x1.7 10 £ 2.2
Mucus(imm./c-ads.) 54 + 4.0 28+13 9.2 +6.0

“ For a detailed description of experimental conditions, see text. All
experiments were performed in triplicate and repeated six times. Mean values
+ standard deviations are given.

® Results are given as adherent radioactivity in percentages of penetrating
radioactivity.

< Results are given as percent adhesion after preincubation with PBS.
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FIG. 7. Growth of three pairs of pYV* and pYV~ strains of Y.
enterocolitica O:3 in rabbit ileal mucus (A) and luminal contents (B).
Medians and ranges are given.

have confirmed this observation in experiments with a series
of isogenic pairs which included several different serotypes
(Fig. 1). Maximal binding to BBVs was greater than that to
crude mucus (Fig. 2). Furthermore, we found that binding to
crude mucus closely correlated to the ability of the bacte-
rium to express YadA (Fig. 3). Admittedly, binding to mucus
by E. coli PM191(pYMS4) did not reach the same level as
that by Y. enterocolitica O:9 W22708(pYVe227), though
both of these strains expressed YadA. This apparent dis-
crepancy might be due to a low expression of YadA by the
yadA gene carried in the pYMS4 plasmid, or the YadA
molecules might dislodge more easily from the surface of E.
coli PM191(pYMS4) during washing than from Y. enteroco-
litica W22708(pYVe227) (37). We have previously demon-
strated that expression of YadA is associated with increased
adherence to ileal BBVs and increased surface hydrophobic-
ity (37), the latter being a recognized promoter of bacterial
adhesion to eucaryotic cell surfaces (5). Strong hydrophobic
interactions between an E. coli strain and mucin have also
been reported elsewhere (41). YadA-producing strains also
demonstrated increased binding to punched-out mucus-in-
cluding disks of intestinal tissue (37) in a model that mea-
sured pYV-encoded adhesion (36).

The ability to bind to mucus constituents might be advan-
tageous for the bacterium and facilitate the colonization of
the mucus layer. In order for such colonization to take place,
the mucus-adherent bacteria must multiply at a rate exceed-
ing the rate at which they are expelled into the gut lumen
together with sloughed mucus. That Y. enterocolitica is
indeed able to multiply at a high rate in intestinal mucus is
illustrated in Fig. 7. In contrast, this organism did not grow
in luminal contents. Other studies have shown that a normal
human fecal E. coli isolate and an avirulent Salmonella
typhimurium strain also had the ability to grow in intestinal
mucus but not in luminal contents (29, 45). Certain bacteria
are able to degrade mucin and use it as a nutrient (16).
However, we do not know whether Y. enterocolitica utilizes
mucin or other constituents present in crude mucus as
energy sources.

On the other hand, binding to mucus could also act as a
host defense mechanism against invading pathogens. Such
binding might prolong the time of mucus penetration. Cor-
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respondingly, we found in vitro that the pYV™* strain
YeO301P* penetrated a mucus layer less efficiently than its
pYV™ counterpart (Fig. 4A). It has previously been shown
that a lipopolysaccharide-deficient, and thus more hydro-
phobic, S. typhimurium mutant was retarded in its passage
through mucus compared with the wild-type parent (29).

Binding of pYV™" strains of Y. enterocolitica to mucus
constituents or vice versa could also lead to changes in
surface characteristics of the bacterium and thus in adhesive
abilities. We found that adhesion of YeO301P™* to BBVs was
significantly reduced when the bacteria were allowed to
interact with mucus prior to the adhesion assay, either by
means of penetration (Fig. 4B) or by simple mixing and
incubation (Fig. SA). Gastrointestinal mucus has previously
been reported to inhibit subsequent adhesion of organisms
such as Entamoeba histolytica, Shigella flexneri, Y. entero-
colitica, and Campylobacter jejuni (6, 9, 27, 30). A similar
inhibitory effect of saliva on adhesion of oral streptococci
has been recognized for many years (47, 48). Adhesion of
single cultured epithelial cells to a monolayer was also
inhibited by gastric mucus (2).

The inhibitory effect of mucus or saliva on adhesion is
often reported to be mediated by bacterial aggregation,
caused by either secretory immunoglobulin A (47) or mucin
(48). However, inhibition of adhesion has also been reported
to occur without simultaneous aggregation of the microor-
ganisms (9). In the case of Entamoeba histolytica, inhibition
is due to specific binding of human colonic mucin to the
adherence lectin of the parasite (6). In this study, interaction
of Y. enterocolitia with mucus did not promote bacterial
aggregation but it changed the bacterial surface from hydro-
phobic to hydrophilic (Fig. 5B). This is an effect of mucus-
microbe interaction that, to the best of our knowledge, has
not previously been reported.

It has been observed that colostrum secretory immuno-
globulin A may render bacteria more hydrophilic (26).
Therefore, in order to evaluate the role of immunoglobulins
in our observations, the immunoglobulins from crude mucus
preparations (obtained from normal rabbits and from rabbits
immunized orally with live Y. enterocolitica) were adsorbed.
Such adsorption did not change the adhesion of strain
YeO0301P* to mucus, nor did it change the inhibitory effect
of mucus on subsequent binding of strain YeO301P* to
BBVs (Table 1). Mantle et al. demonstrated that mucin
glycoprotein accounted for 35 to 45% of the binding of Y.
enterocolitica to rabbit intestinal mucus (27). Furthermore,
both intestinal crude mucus and its purified mucin compo-
nent were inhibitors of the binding of Y. enterocolitica to
BBVs. We believe that factors other than secretory immu-
noglobulin A, probably mucin, are the main mediators of the
effects caused by mucus on bacterial adhesion in our study.
Y. enterocolitica was able to bind to collagen types I and IV
(11). However, though intestinal mucus contains sloughed
enterocyte fragments and transudated serum proteins (7),
there are no reports of collagen being detected in mucus.
Therefore, we doubt that collagen binding plays a major role
in adhesion of Y. enterocolitica to mucus.

The product of the chromosomal inv gene is probably a
main promoter of adhesion to (and penetration through) the
intestinal epithelial surface. This product, invasin, is effi-
ciently expressed at temperatures below 37°C and therefore
is already present in the bacterial outer membrane before the
microbe is ingested (18). However, the introduction of a
lesion in the inv gene of a Yersinia pseudotuberculosis strain
only delayed the onset of death after oral inoculation in a
mouse model, indicating that other factors contribute to
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adhesion and/or penetration (40). YadA confers on pYV™*
strains of Y. enterocolitica and Y. pseudotuberculosis an
increased ability to bind to the enterocyte membrane (37).
Being expressed already in the gut lumen (43), YadA could
be expected to be important for adhesion to the enterocyte
barrier. However, binding of the bacterium to one or several
mucus constituents seems to act as a host defense mecha-
nism that renders the bacterium less hydrophobic and de-
creases the ability to penetrate the mucus layer and subse-
quently adhere to the brush border. In accordance with this,
infection with Y. enterocolitica led to an increase in intesti-
nal mucus secretion in the rabbit model (28).

We do not presently know at which stage of the infection
the YadA-promoted adhesion plays the most important role
in vivo. After penetration of the enterocyte barrier, the
bacterium might benefit from the ability of the YadA to bind
to collagen fibers (11). The product of the chromosomally
located ail gene is an adhesin that, like YadA, is also
optimally expressed at body temperature. YadA might op-
erate in concert with the ail gene product for adhesion to
migrating cells of the immune system. This could promote
further spread through the host organism (18). The relative
importance of the YadA in the different phases of the
pathogenesis remains to be determined.
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