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The mucus lining of the gastrointestinal tract serves as a protective barrier over the epithelial surface that
must be crossed by invading bacteria seeking entry into the mucosa. The gel-forming component of mucus is
mucin, a large polymeric glycoprotein. The present study examined the growth of Yersinia enterocolitica (with
and without its virulence plasmid) in purified rabbit small intestinal mucin and the ability of bacteria to
degrade mucin. Both virulent and nonvirulent organisms showed enhanced growth in mucin-supplemented
media compared with unsupplemented media, but only at 37°C and not at 25°C. The effects of mucin were not
specific because medium supplemented with bovine serum albumin also enhanced bacterial growth at 37°C.
Purified mucin was broken down into lower-molecular-weight components (assessed by monitoring its elution
profile on a Sepharose CL-2B column) by plasmid-bearing Y. enterocolitica but not by plasmid-cured
organisms. Culturing virulent Y. enterocolitica at 25°C completely suppressed its capacity to degrade mucin,
suggesting that this activity depends on plasmid expression. These results were confirmed in similar studies
with purified rabbit colonic mucin. Mucin-degrading activity could be demonstrated in spent culture media
from virulent Y. enterocolitica incubated at 37°C but not in bacterial membrane preparations. Changes in the
elution profiles of small intestinal and colonic mucins exposed to plasmid-bearing Y. enferocolitica at 37°C were
consistent with proteolytic depolymerization. The ability to grow well in mucin may help Y. enterocolitica to
colonize the intestine, while the production of a mucin-degrading enzyme(s) by plasmid-bearing organisms may

assist pathogenic strains to solubilize and penetrate the mucus gel layer.

Yersinia enterocolitica is an enteroinvasive bacterium that
causes gastroenteritis in humans. Following oral infection,
Y. enterocolitica must cross the intestinal epithelium and
reach the mucosa in order to produce clinical disease (5, 38).
The mammalian gastrointestinal tract is lined with a layer of
mucus produced by specialized epithelial cells (goblet cells
in the small intestine and colon). The major component of
mucus that is responsible for its gel-forming properties is
mucin, a large (>2 X 10%-kDa) polymeric molecule com-
posed of highly glycosylated (~80% [by weight] carbohy-
drate) glycoprotein monomers that are held together by
disulfide bonds located in nonglycosylated (or poorly glyco-
sylated) regions of their peptide cores (2, 7, 20-22). The
polymeric structure of mucin is critical for gel formation:
reduction of disulfide bridges or proteolytic digestion of
nonglycosylated mucin peptide releases glycoprotein mono-
mers that do not gel under normal physiologic conditions (2,
40). The mucus layer serves as a protective physical barrier
over the epithelium such that invading bacteria (like Y.
enterocolitica) must interact with the gel and be able to pass
through it to gain entry into the mucosa.

The clinical symptoms of yersiniosis in humans can be
reproduced in rabbits infected with pathogenic strains of Y.
enterocolitica (31). In previous studies on the early steps of
intestinal colonization, we showed that a pathogenic, plas-
mid-bearing strain of Y. enterocolitica (MCH700S, serotype
0:3) bound well to rabbit small intestinal and colonic mucus
and their purified mucins when cultured at 37°C, conditions
which promote expression of its virulence plasmid (19). In
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contrast, the same organism cultured at 25°C (which sup-
presses plasmid expression) and its plasmid-cured isogenic
strain (MCH700L) exhibited markedly diminished binding,
indicating that bacterial adherence to small intestinal and
colonic mucus and mucin was dependent on the production
of plasmid-encoded proteins.

The 42- to 50-MDa virulence plasmid of Y. enterocolitica
encodes a variety of proteins, 16 to 20, whose expression is
regulated by both temperature and the availability of calcium
(9, 33, 34, 41). A number of these proteins are secreted, and
some then associate with the outer membrane of the organ-
ism and are referred to as Yops (for yersinia outer membrane
proteins) (27, 33, 34). In addition, the plasmid encodes for
YadA, a fibrillar adhesin that is a true outer membrane
protein (14). When expressed, these plasmid-encoded pro-
teins alter the surface charge and hydrophobicity of the
bacterium, promote autoagglutination and mannose-resis-
tant hemagglutination, enhance adherence to cell lines,
epithelial cell membranes, collagen, and fibronectin, and
confer on the organism the ability to resist phagocytosis by
polymorphonuclear leukocytes and the bacteriocidal effects
of serum (1, 10, 14, 15, 17, 19, 23, 24, 30, 39, 43). Thus,
plasmid proteins may be involved in bacterial attachment to
the intestinal wall and penetration of the mucosa and may
facilitate survival and proliferation of the organism in the
host tissue.

The objective of the present study was to examine
whether Y. enterocolitica (with and without its virulence
plasmid) was capable of growing in and degrading purified
rabbit small intestinal mucin. We demonstrate that mucin
can serve as a nutrient source for both virulent and nonvir-
ulent organisms, although apparently no more so than a pure
protein. In addition, we show that plasmid-bearing bacteria
are able to degrade small intestinal and colonic mucin more
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effectively than plasmid-cured organisms, a factor that may
assist pathogenic strains to solubilize and penetrate the
mucus gel layer in the intestine.

MATERIALS AND METHODS

Preparation of mucin. Mucin was purified in the presence
of proteolytic inhibitors from the small intestines of New
Zealand White rabbits (jejunum and ileum combined, from
the ligament of Trietz to the ileo-cecal junction) as described
previously (22). Mucosal homogenates were subjected to
equilibrium density gradient centrifugation in CsCl (twice)
and then to gel filtration on Sepharose 2B. Highly purified,
polymeric mucin was harvested from the void volume frac-
tions of the column, dialyzed, lyophilized, and stored at
—80°C. As in earlier studies, the purity of all mucin prepa-
rations was confirmed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (showing the absence of nonco-
valently bound contaminating protein), by DNA analysis
(<2 pg/mg of mucin), and by gas-liquid chromatography
(which failed to detect mannose, glucose, and uronic acid)
(22). For degradation assays, purified mucin was dissolved
in phosphate-buffered saline (PBS; 0.1 M NaCl, 0.1 M
Na,HPO,-NaH,PO,, 0.02% [wt/vol] NaN;; pH 7.4) at a final
concentration of 2 mg (dry weight)/ml. Purified rabbit small
intestinal mucin was used as a model throughout our studies
because it is known to be similar in composition and struc-
ture to human small intestinal mucin (20, 22).

Bacteria and growth conditions. Two isogenic strains of Y.
enterocolitica (MCH700S, plasmid bearing, and MCH700L,
plasmid cured, obtained from C. Pai) were used for the
present studies. Plasmid-bearing organisms were initially
isolated from a patient with enteritis and are known to cause
clinical disease in rabbits (30, 31). The isogenic strain
MCH700L was cured of its plasmid, as described by Pai and
DeStephano (30), and is known not to produce disease in
rabbits (16, 30). The presence or absence of the virulence
plasmid was confirmed by agarose gel electrophoresis (18,
33). Samples from frozen stocks of both strains were cul-
tured as described previously (19). After overnight growth at
25°C in Dulbecco’s modified Eagle medium (MEM; no.
320-1965, GIBCO Laboratories, Grand Island, N.Y.), bac-
teria were diluted (1:5) into fresh medium and incubated at
37°Cfor 1 h. At the end of incubation, bacteria were pelleted
by centrifugation, washed with sterile medium, and finally
suspended in the same buffer at a concentration of 5 x 10’
organisms per ml (adjusted spectrophotometrically at 540 nm
and confirmed by dilution and colony counting). In some
cases, bacterial cultures were not temperature shifted but
were maintained at 25°C throughout.

Growth in small intestinal mucin. Bacterial suspensions
(0.1 ml) were mixed with MEM (0.4 ml), 0.001% Triton
X-100 (0.1 ml), and either (i) mucin (0.4 ml), (ii) bovine
serum albumin (BSA; ICN Biochemicals, Cleveland, Ohio;
0.4 ml of a 2-mg/ml solution in PBS), (iii) chondroitin sulfate
(CS; Sigma Chemical Co., St. Louis, Mo.; 0.4 ml of a
2-mg/ml solution in PBS), or (iv) PBS only (0.4 ml). In these
experiments, BSA (a pure protein) and CS (a carbohydrate-
rich proteoglycan) served as controls for studies on mucin,
allowing us to assess separately the effects of protein and
carbohydrate on bacterial growth. Mixtures were incubated
aerobically in a rotary shaker at either 37 or 25°C, and
aliquots were taken at 0.5, 1, 2, 4, and 6 h for determination
of bacterial numbers (assessed spectrophotometrically at 540
nm and confirmed by plating onto blood agar). Growth
experiments were performed five times, in duplicate. Data
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are expressed as the mean * standard error of the mean.
Means were compared by one-way analysis of variance and
unpaired, two-tailed ¢ tests. Values for P of <0.05 were
considered statistically significant.

To determine whether bacteria could use mucin as the sole
source of carbon and nitrogen, an additional series of exper-
iments was performed with a chemically defined synthetic
medium base (50 mM NaCl, 10 mM NH,Cl, 0.4 mM
K,HPO,, 2.5 mM Na,S,0;, 40 mM morpholinepropane-
sulfonic acid, 10 mM Tricine; pH 7.0) (3). Both plasmid-
bearing and plasmid-cured strains of Y. enterocolitica were
cultured at 37°C exactly as described above, except that
MEM was replaced with the medium base or with the base
supplemented with either 0.1% fructose and 0.2% Casamino
Acids or purified small intestinal mucin (1 mg).

Degradation assays. Bacterial suspensions (0.1 ml) were
mixed with MEM (1.3 ml), 0.001% Triton X-100 (0.1 ml), and
mucin (0.5 ml) and incubated aerobically in a rotary shaker
for up to 36 h at either 37 or 25°C. After incubation, cultures
were centrifuged and the supernatant was collected. The
pellet was resuspended in PBS containing 0.001% Triton
X-100 and 0.02% NaN,, vortexed, and recentrifuged: the
resulting supernatant was pooled with the first supernatant
and stored at —20°C until analyzed. Supernatant samples
were applied to a Sepharose CL-2B column (1.6 by 70 cm)
equilibrated with 0.2 M NaCl. Fractions (2 ml) were col-
lected from the column and analyzed for their mucin content
by using a nitrocellulose slot blot assay with blots stained
with periodic acid-Schiff (PAS) reagent (44). Stained blots
were scanned on a laser densitometer, and the amount of
mucin in each column fraction was determined by comparing
its peak area with standard curves obtained by applying
purified rabbit small intestinal mucin (0.3 to 25 pg) to the
nitrocellulose blot. From the derived column profiles, the
amount of mucin eluting in the void volume (polymeric
material) and the amount eluting partially included (degraded
mucin) were calculated to determine the degree of break-
down of the macromolecule at each time period studied.
Appropriate controls (MEM alone and spent medium with-
out mucin obtained from bacterial cultures incubated at 37°C
for 36 h) were also analyzed as described above to ensure
that the medium and any bacterial products it contained at
the end of incubation did not react in the PAS assay.

A limited series of studies was performed to examine
whether plasmid-bearing Y. enterocolitica was able to de-
grade rabbit colonic mucin. Mucin was purified from the first
25 cm of the proximal colon of rabbits as described above
and in reference 22. Purified mucin was then 3H-radiola-
belled on its carbohydrate component (terminal, exposed
galactose and N-acetylgalactosamine residues) with galac-
tose oxidase by the method of Gahmberg and Hakomori (8)
but without prior neuraminidase treatment. Degradation
assays were performed as in the case of small intestinal
mucin except that column fractions were counted to estab-
lish the distribution of radiolabel in the void and partially
included volumes and hence to calculate the extent of mucin
breakdown at each different time period.

Isolation of spent medium and bacterial membranes. Plas-
mid-bearing Y. enterocolitica was cultured at 37°C for 24 h
and centrifuged, and the pellet and supernatant were sepa-
rated. The supernatant (spent medium) was concentrated
60-fold by ultrafiltration through a PM10 membrane (molec-
ular weight cutoff of 10,000). An aliquot of the concentrated
medium (0.1 ml) was then added to MEM (1.3 ml) containing
0.001% Triton X-100 (0.1 ml) and small intestinal mucin (0.5
ml) and incubated for 24 h at 37°C. After incubation, the
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mixture was applied to a Sepharose CL-2B column as
described above, and fractions were analyzed by the slot
blot assay to quantitate their mucin content.

Bacterial membranes were isolated by a modification of
the method of Carniel et al. (3). The bacterial pellet de-
scribed above was suspended in 5 mM MgCl,-25 mM
K,HPO, (pH 7), sonicated, and centrifuged at 5,000 x g for
10 min at 4°C to remove cellular debris. Bacterial mem-
branes were then pelleted by centrifugation at 50,000 x g for
30 min at 4°C. Membranes were suspended in 10 mM
Tris-HCI buffer at pH 8.0 at a concentration of 3 mg/ml
(determined by the Bio-Rad protein assay [Bio-Rad Labora-
tories, Richmond, Calif.]). Membranes (0.4 ml) were incu-
bated with MEM (1 ml), 0.001% Triton X-100 (0.1 ml), and
small intestinal mucin (0.5 ml) for 24 h at 37°C. After
centrifugation, the supernatant was applied to a Sepharose
CL-2B column, and fractions were analyzed for their mucin
content by a solid-phase (slot blot) immunoassay, using
antibodies specific for rabbit small intestinal mucin (22, 25).
The PAS assay was not used for these experiments because
the bacterial membranes themselves interfered with the
assay.

RESULTS

Growth of Y. enterocolitica in small intestinal mucin. To
examine the ability of Y. enterocolitica (plasmid-bearing and
plasmid-cured isogenic strains) to grow in purified rabbit
small intestinal mucin, organisms were cultured at 37 or 25°C
for up to 6 h in MEM with and without added mucin. Triton
X-100 was added to all of these (and subsequent) experi-
ments in order to prevent autoagglutination of plasmid-
bearing organisms and to inhibit binding of mucin to bacteria
during the course of the incubations; the lowest concentra-
tion of detergent capable of accomplishing these ends was
used.

In the presence of mucin, plasmid-bearing bacteria grew
significantly better than in unsupplemented medium when
cultured at 37°C (Fig. 1A). Increased growth in mucin was
detected within 2 h of the start of incubation. At 25°C, the
same organisms showed no increased growth in mucin
compared with growth in unsupplemented medium (Fig. 1C).
Similar trends were observed for plasmid-cured organisms:
in the presence of mucin, bacteria grew better than in
unsupplemented medium at 37°C, although the difference
only reached statistical significance after 6 h of incubation
(Fig. 1B). At 25°C, plasmid-cured organisms grew to the
same extent in both mucin and medium alone (Fig. 1D).
When the two bacterial strains were compared, it was noted
that growth of plasmid-bearing organisms at 37°C was
slightly but significantly greater than that of plasmid-cured
organisms in mucin after 6 h of incubation (Fig. 1A and B).

To determine whether the effects of mucin on the growth
of Y. enterocolitica at 37°C were specific, exactly the same
experiments were performed with medium supplemented
with either a protein (BSA) or a carbohydrate-rich molecule
(the proteoglycan CS) in place of mucin. Enhanced growth in
BSA was detected at 37°C but not at 25°C for both plasmid-
bearing and plasmid-cured organisms (Fig. 1). Addition of
CS to the culture medium caused a slight (but not significant)
increase in bacterial growth at 37°C that was not as great as
that elicited by either mucin or BSA (data not shown).
Extending the incubation time of these experiments to 24 h
made no difference to our findings: growth at 37°C in mucin
and BSA remained the same and was greater than that in
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FIG. 1. Growth of Y. enterocolitica in unsupplemented medium
and medium containing purified rabbit small intestinal mucin or
BSA. Plasmid-bearing and plasmid-cured bacteria (5 x 10° organ-
isms) were inoculated into MEM alone (@) or into medium supple-
mented with either mucin (l) or BSA (A). Mixtures were incubated
aerobically at either 37 or 25°C, and aliquots were taken at the times
indicated for determination of bacterial numbers. (A and C) Plasmid-
bearing Y. enterocolitica incubated at 37 and 25°C, respectively; (B
and D) plasmid-cured bacteria incubated at 37 and 25°C, respec-
tively. * and +, growth in mucin and BSA, respectively, is signifi-
cantly different from that in unsupplemented medium (P < 0.05).

medium alone (or with CS) for both plasmid-bearing and
plasmid-cured organisms.

In preliminary studies to establish the appropriate condi-
tions for these growth experiments, we used one-half and
one-tenth of the mucin concentration finally selected. At
these levels, we could not detect significantly increased
growth of either plasmid-bearing or plasmid-cured Y. entero-
colitica at 37°C in mucin-supplemented medium compared
with unsupplemented medium. Thus, a final concentration of
1 mg of mucin in a total volume of 2 ml was the minimum at
which growth enhancement occurred. Whether higher
amounts of mucin could promote growth to a greater extent
was not assessed because purified mucin produces viscous
solutions at concentrations of >1 mg/ml and finally gels at 8
to 10 mg/ml. Since the high viscosity of more concentrated
mucin solutions could potentially interfere with measure-
ments of bacterial growth, we did not investigate whether
growth enhancement was dependent on the mucin dose.

All of the above growth experiments were performed in
the presence of commercially available MEM (a complex
medium containing a variety of amino acids and vitamins and
glucose) because we thought that this ‘““background”” more
closely mimicked the situation faced by the organisms in the
intestinal tract. However, to determine whether the bacteria
could use mucin as the sole source of carbon and nitrogen,
we carried out additional experiments with a chemically
defined minimal medium base supplemented with either
0.1% fructose—0.2% Casamino Acids or purified small intes-
tinal mucin (1 mg). Neither plasmid-bearing nor plasmid-
cured strains of Y. enterocolitica grew in the unsupple-
mented medium base alone. However, when the base was
supplemented with fructose and Casamino Acids, both
strains grew well (as expected), while intermediate levels of
growth were observed in the medium base containing mucin
(data not shown). In these particular experiments, plasmid-
cured organisms showed better growth than plasmid-bearing
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FIG. 2. Gel filtration profiles of purified rabbit small intestinal
mucin following exposure to Y. enterocolitica. Plasmid-bearing Y.
enterocolitica was inoculated into MEM containing mucin (1 mg)
and incubated aerobically for up to 36 h at 37°C. After incubation,
culture supernatants were applied to a Sepharose CL-2B column.
Fractions (2 ml) were collected from the column and analyzed for
mucin by using a PAS assay. (A) Column profile for mucin not
exposed to bacteria; (B and C) column profiles after incubation with
bacteria for 4 and 36 h, respectively. Vo, void volume; Vt, total
volume of the column.

organisms in the presence of either fructose-Casamino Acids
or mucin. The fact that both virulent and nonvirulent organ-
isms grew in the presence (but not the absence) of small
intestinal mucin in these experiments illustrates that they are
capable of utilizing this material as their sole source of
carbon and nitrogen.

Degradation of mucin by Y. enterocolitica. To determine
whether Y. enterocolitica was capable of degrading purified
rabbit small intestinal mucin, bacteria were inoculated into
MEM containing mucin and incubated for up to 36 h at 37°C.
After incubation, culture supernatants were applied to a
Sepharose CL-2B column, and fractions were analyzed for
their mucin content. As shown in Fig. 2 and Table 1, mucin
not exposed to bacteria eluted largely in the void volume
fractions of the column, with very little appearing in the
included fractions. Incubation with plasmid-bearing organ-
isms resulted in a progressive decrease in the amount of
polymeric mucin detected in the void volume of the column
and a corresponding increase in the amount of smaller,
degraded mucin eluting in the partially included fractions.
Most of the breakdown occurred within the first 8 h of
incubation. In contrast, incubation with plasmid-cured or-
ganisms caused only minimal degradation (~10%) of the
mucin polymer (Table 1). When incubations of plasmid-
bearing bacteria with mucin were performed at 25°C, degra-
dation was markedly diminished (Table 1). The amount of
mucin breakdown observed with virulent Y. enterocolitica at
25°C or with plasmid-free organisms at 37°C was also seen
when purified mucin was incubated without added bacteria.
Thus, this level of degradation is unlikely to be due to
enzyme activity but may reflect some instability in the mucin
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TABLE 1. Breakdown of purified rabbit small intestinal mucin
by Y. enterocolitica®

. Time % Mucin in % M.“Ci"
Bacterial sample (h) void vol Pamally
included
Plasmid-bearing Y. enterocolitica
incubated at 37°C
0 85 15
4 62 38
8 46 54
16 40 60
24 39 61
36 39 61
Plasmid-cured Y. enterocolitica
incubated at 37°C
8 73 27
24 73 27
36 75 25
Plasmid-bearing Y. enterocolitica
incubated at 25°C
4 80 20
24 72 28

@ Bacteria (5 X 10° organisms) were added to MEM containing mucin (1 mg)
and incubated aerobically for the times indicated at either 37 or 25°C. Cultures
were centrifuged, and the supernatants were applied to a Sepharose CL-2B
column. Fractions were collected and were analyzed for their mucin content
with a PAS assay. From the column profiles, the amount of mucin eluting in
the void volume (polymeric material) and the amount eluting partially in-
cluded (degraded mucin) were calculated to determine the degree of break-
down of the macromolecule at each time period studied.

molecule itself when it is maintained in solution for long
periods of time at a temperature of 25 or 37°C.

To confirm that mucin was not lost through adherence to
the organisms during the course of the above experiments,
bacteria were harvested at the end of each incubation period
and resuspended in PBS containing a high concentration of
detergent (0.1% Triton X-100). After vigorous vortexing,
bacteria were pelleted by centrifugation, and the supernatant
was analyzed for mucin by a specific immunoassay (22, 25).
Only 5.3% = 0.2% of the mucin originally added to the
incubation mixtures was found associated with the bacteria
in all experiments, which was not enough to result in a
substantial difference in the amount of mucin lost from the
culture supernatants and subsequently applied to each
Sepharose column run.

Similar studies were performed on purified rabbit colonic
mucin (Table 2). Again, incubation with plasmid-bearing Y.
enterocolitica at 37°C resulted in the loss of polymeric mucin
from the void volume of the column and the appearance of
smaller, degraded mucin eluting in the partially included
fractions. In contrast, incubation with virulent organisms at
25°C caused markedly less degradation (~20%) of the mucin
polymer. It appeared from these experiments that rabbit
colonic mucin was broken down at a faster rate and to a
greater extent than small intestinal mucin by plasmid-bearing
Y. enterocolitica at 37°C (cf. 4- and 24-h values in Tables 1
and 2).

Mucin breakdown by spent medium and bacterial mem-
branes. We next investigated whether the mucin-degrading
activity of virulent Y. enterocolitica was present in spent
culture medium or was associated with bacterial mem-
branes. Aliquots of concentrated medium or bacterial mem-
brane preparations were incubated with purified small intes-
tinal mucin for 24 h at 37°C. After incubation, the mixtures
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TABLE 2. Breakdown of purified rabbit colonic mucin
by Y. enterocolitica®
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TABLE 4. Expression of mucin-degrading activity
by Y. enterocolitica®

. % Mucin in % Mucin partially % Mucin in % Mucin
Time (h) void vol included Culture void vol partially included
0 90 10 Control 85 15
4 38 62 Uninduced 53 47
8 33 67 Induced 55 45
24 18 82

“ Plasmid-bearing Y. enterocolitica (5 x 10° organisms) was added to MEM
containing radiolabelled colonic mucin (~20,000 dpm) and incubated aerobi-
cally for the times indicated at 37°C. Cultures were centrifuged, and the
supernatants were applied to a Sepharose CL-2B column. Fractions were
collected and counted. The distribution of mucin eluting in the void volume
(polymeric material) and the partially included volume (degraded mucin) was
calculated to determine the extent of breakdown of the macromolecule at each
time period.

were applied to a Sepharose CL-2B column as described
above, and fractions were analyzed for their mucin content.
As shown in Table 3, incubation with the spent culture
medium resulted in a substantial breakdown of the mucin (as
evidenced by a decrease in the amount eluting in the void
volume of the column and an increase in the amount eluting
in the included fractions), while very little degradation was
observed in mucin incubated with bacterial membranes.

Finally, we examined whether the ability to break down
mucin was constitutively expressed by virulent Y. entero-
colitica or whether a higher degree of expression could be
induced by growing the organisms in the presence of mucin.
Plasmid-bearing bacteria were cultured for 24 h at 37°C in the
presence or absence of 10 pg of small intestinal mucin per
ml. Culture supernatants were harvested and concentrated,
and then aliquots were added to MEM containing 0.001%
Triton X-100 and mucin (essentially as described for the
above experiments) and incubated for a further 24 h at 37°C.
Gel filtration profiles of the incubation mixtures revealed
that mucin was degraded to the same extent regardless of
whether the supernatants were obtained from bacteria that
had or had not been exposed previously to the macromole-
cule (Table 4).

In both of the above experiments, the amount of mucin
breakdown observed (~47%) was not as great as that seen in
experiments with live bacteria (~60%). The reasons for this
are not known, but it is likely that either some enzyme
activity was lost during processing of the culture superna-
tants or the concentration of enzyme added to these incuba-

TABLE 3. Breakdown of purified rabbit small intestinal mucin by
spent culture medium and bacterial membranes®

P % Mucin in % Mucin
repn void volume partially included
Control 85 15
Medium 53 47
Membranes 73 27

@ Plasmid-bearing Y. enterocolitica was cultured at 37°C for 24 h and
centrifuged, and the pellet and supernatant were separated. The supernatant
(spent culture medium) was concentrated 60-fold, and an aliquot was added to
MEM containing small intestinal mucin (1 mg) and incubated for 24 h at 37°C.
Membranes were isolated from the bacterial pellet, and an aliquot (containing
~1 mg of protein) was incubated with MEM and mucin (1 mg) for 24 h at 37°C.
After incubation, the mixtures were applied to a Sepharose CL-2B column
and fractions were analyzed for mucin. The amount of mucin eluting in the
void volume and the amount eluting partially included were calculated to
determine the degree of breakdown of the macromolecule by the medium and
membrane preparations.

@ Plasmid-bearing Y. enterocolitica was cultured for 24 h at 37°C in the
presence or absence of 10 pg of small intestinal mucin per ml. Culture
supernatants were harvested and concentrated, and then aliquots were added
to MEM containing small intestinal mucin (1 mg) and incubated for a further
24 h at 37°C. After incubation, the mixtures were applied to a Sepharose
CL-2B column, and fractions were analyzed for their mucin content. The
distribution of mucin in the void and partially included volumes was calcu-
lated to quantitate breakdown of the macromolecule.

tions was lower than that achieved in the actual bacterial
cultures.

DISCUSSION

The present study shows that purified rabbit small intes-
tinal mucin can enhance the growth of Y. enterocolitica at
physiologic temperatures (37°C). Our findings indicate that
mucin can exert this effect on both virulent (plasmid-bearing)
and nonvirulent (plasmid-cured) organisms even in the pres-
ence of a complex background rich in other nutrients (amino
acids and glucose) and, in addition, that mucin can serve as
the sole nutrient (carbon and nitrogen source) for the bacte-
ria. However, the effects of mucin were not specific to this
molecule, because BSA also enhanced the growth of plas-
mid-bearing and plasmid-cured bacteria to exactly the same
extent as mucin. Since addition of CS (a carbohydrate-rich
molecule) to the culture medium only caused a slight in-
crease in bacterial growth at 37°C that was not as great as
that induced by either mucin or BSA, it would appear that
growth enhancement may be a function of protein rather
than carbohydrate and therefore may involve a proteolytic
enzyme(s). When organisms were cultured at 25°C, neither
mucin nor BSA (or CS) had any significant effect on bacterial
growth, which may reflect decreased enzymatic activity at
this lower temperature. Although both virulent and nonvir-
ulent strains of Y. enterocolitica grew well in MEM contain-
ing small intestinal mucin or BSA at 37°C, plasmid-bearing
organisms did show slightly better growth than plasmid-
cured organisms after 6 h of incubation. This small difference
between the two strains persisted even after 24 h but did not
become any more marked than at 6 h. Perhaps this ability of
plasmid-bearing bacteria to reproduce in a nutrient-rich,
mucin-containing medium gives them a slight growth advan-
tage over their plasmid-cured counterparts in the environ-
ment of the small intestinal mucus layer.

The ability of our indigenous flora and pathogenic bacteria
to grow in mucus (and in mucin) may facilitate colonization
of the intestinal tract. For colonization to occur, these
organisms must multiply at a rate greater than that at which
they are expelled through turnover and erosion of the mucus
layer. Several species of bacteria (including avirulent Esch-
erichia coli [45), Salmonella typhimurium [26], Clostridium
perfringens [42], Bacteroides species [36, 42], and virulent
Shigella flexneri [35]) are known to grow well in crude mucus
or pure mucin preparations. Our present findings support the
earlier studies of Parregaard et al. (29) showing that crude
ileal mucus could support the growth of Y. enterocolitica and
extend that work by demonstrating for the first time that the
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purified gel-forming component of mucus (mucin) may be
responsible for at least some of the enhanced growth of these
organisms in mucus preparations.

The second objective of our study was to investigate the
potential of plasmid-bearing and plasmid-cured strains of Y.
enterocolitica to degrade purified rabbit small intestinal
mucin. Our experiments clearly showed that plasmid-bear-
ing bacteria were able to degrade small intestinal mucin into
lower-molecular-weight components far more effectively
than plasmid-cured organisms. That mucin-degrading activ-
ity depends on plasmid expression was confirmed by cultur-
ing plasmid-bearing Y. enterocolitica at 25°C (which sup-
presses the plasmid) and showing a markedly diminished
capacity to degrade mucin. Essentially the same results were
obtained in similar studies performed with purified rabbit
colonic mucin as a substrate for Y. enterocolitica. Overall,
our findings strongly suggest that the enzyme(s) responsible
for breaking down mucin may be plasmid encoded, but we
cannot rule out the possibility that the enzyme(s) is chromo-
somally encoded and expression is up-regulated by factors
produced by the virulence plasmid.

Since mucin-degrading activity could be demonstrated in
the spent media from cultures of Y. enterocolitica incubated
at 37°C but not in bacterial membrane preparations, it
appears that the enzyme(s) involved in mucin breakdown is
largely secreted into the medium. However, our experiments
were conducted under conditions designed to prevent auto-
agglutination of bacteria and binding of mucin to the organ-
isms. These conditions may also have prevented the en-
zyme(s) from associating with the bacterial outer surface.
Whether in vivo the enzyme(s) remains in the milieu sur-
rounding the organism or becomes attached to its outer
membrane (as in the case of some plasmid-encoded Yops
[27]) requires further investigation. Attempts to enhance the
mucin-degrading activity of plasmid-bearing Y. enterocolit-
ica by culturing the organisms overnight in the presence of a
low concentration of small intestinal mucin suggested that
the enzyme(s) was constitutively expressed at 37°C, and
higher levels of production could not be further induced. Our
findings parallel those of Hoskins et al. (11), who have
shown that mucin oligosaccharide-degrading enzymes pro-
duced by human colonic bacteria are largely extracellular
and are expressed even in the absence of mucin substrate.

Studies on colonic mucin indicated that it was more
readily broken down by plasmid-bearing Y. enterocolitica at
37°C than small intestinal mucin, since degradation occurred
at a faster rate and to a greater extent. The reason for the
increased susceptibility of colonic mucin to breakdown by Y.
enterocolitica is not clear, but we have noted a similar
phenomenon in our earlier studies: when rabbit colonic
mucin was treated with either pronase or thiol-reducing
agents, it depolymerized more rapidly than rabbit small
intestinal mucin, likely because of differences between the
two mucins in terms of their compositions and structures
(22).

Although it would be tempting to suggest that the ability of
mucin to enhance the growth of Y. enterocolitica may be
related to the ability of the bacteria to break down mucin,
this does not appear to be the case. While both plasmid-
bearing and plasmid-cured organisms grew well in mucin,
only the former were capable of degrading the macromole-
cule. These observations imply that the effects of mucin on
the growth of Y. enterocolitica may not necessarily depend
on the ability of the bacteria to degrade mucin and also that
mucin breakdown may not be a prerequisite for enhanced
bacterial growth. Further studies are required to elucidate
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the means by which mucin promotes bacterial growth and
how mucin is degraded by plasmid-bearing organisms in
order to establish whether there is any link between the two
phenomena.

As yet, we do not know whether Y. enterocolitica pro-
duces more than one enzyme that is active in degrading
mucin. The glycoprotein nature of small intestinal and co-
lonic mucins makes them susceptible to attack by both
glycosidases and proteases. Several species of bacteria
indigenous to the human and porcine intestinal tracts (in-
cluding Clostridium perfringens [42] and strains of Bacte-
roides [36, 42], Ruminococcus, and Bifidobacterium [11]
spp.) have been shown to utilize mucin as a nutrient source.
These organisms each produce a limited number of highly
specific exoglycosidases that act in concert to sequentially
remove terminal sugar residues (for example, galactose,
N-acetylgalactosamine, and sialic acid) from mucin oligosac-
charide chains (4, 11, 12, 28, 36, 42). However, removal of
only terminal sugar residues would not be expected to cause
a major decrease in the molecular weight of the mucin
polymer, as seen in the present studies. Furthermore, ter-
minal galactose and N-acetylgalactosamine residues were
radiolabelled in our experiments on colonic mucin, and this
label was not lost (or converted into very low molecular
weight species) during incubations with Y. enterocolitica.
While we cannot exclude the possibility of some glycosidase
activity, it would seem more likely that the major mucin-
degrading enzyme(s) elaborated by Y. enterocolitica may be
proteolytic.

Many studies on gastrointestinal mucins have shown that
the native polymer can be dissociated into glycoprotein
monomers by proteolysis of nonglycosylated (or poorly
glycosylated) peptide regions (2, 20-22). Depolymerization
of mucin is known to change its elution profile on a
Sepharose CL-2B column: the mucin polymer elutes in the
void volume of the column, while the glycoprotein mono-
mers are retarded and partially included. The changes seen
in the elution profiles of rabbit small intestinal and colonic
mucins exposed to plasmid-bearing Y. enterocolitica at 37°C
in the present studies are consistent with proteolytic depoly-
merization. We therefore speculate that the organism elab-
orates a protease that is capable of degrading mucin, thereby
assisting pathogenic strains to solubilize and penetrate the
mucus gel layer in the intestinal tract. Whether such a
protease has other actions at different stages of the disease
(for example, colonization of the mucosa) cannot be ruled
out and may be possible.

Degradation of the protein component of gastrointestinal
mucins with the resulting collapse of their polymeric struc-
tures has been achieved with human fecal extracts (13),
Pseudomonas aeruginosa elastase (32), Campylobacter py-
lori protease (37), and Vibrio cholerae metalloproteinase (6).
The last enzyme is secreted and digests nonglycosylated
peptide regions of small intestinal mucin, causing a 57% drop
in its viscosity. After solubilizing the mucus gel in this
manner, the organism and its toxin can presumably reach the
epithelial surface more readily. On the basis of the ability of
virulent Y. enterocolitica to degrade small intestinal and
colonic mucin, we suggest that the major enzyme involved
may be a plasmid-encoded (or plasmid-regulated) protease
whose activity may be important in the establishment of
infection by ‘“dissolving” the normal protective mucus bar-
rier and allowing the organism to gain access to the under-
lying mucosa.
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