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Mucin Degradation in Human Colon Ecosystems

Isolation and Properties of Fecal Strains that Degrade ABH Blood Group
Antigens and Oligosaccharides from Mucin Glycoproteins

Lansing C. Hoskins, Manuel Agustines, William B. McKee, Erwin T. Boulding, Maria Kriaris, and George Niedermeyer
Gastroenterology Section, Department of Medicine, Veterans Administration Medical Center and
Case Western Reserve University School of Medicine, Cleveland, Ohio 44106

Abstract

We previously reported that the oligosaccharide chains of hog
gastric mucin were degraded by unidentified subpopulations
numbering ~1% of normal human fecal bacteria. Here we
report on the enzyme-producing properties of five strains of
mucin oligosaccharide chain-degrading bacteria isolated from
feces of four healthy subjects. Four were isolated from the
greatest fecal dilutions yielding mucin side chain-degrading
activity in culture, and thus were the numerically dominant
side chain-degrading bacteria in their respective hosts. Three
were Ruminococcus strains and two were Bifidobacterium
strains. Two Ruminococcus torques strains, IX-70 and VIII-
239, produced blood group A- and H-degrading a-glycosidase
activities, sialidase, and the requisite S-glycosidases; these
strains released >90% of the anthrone-reacting hexoses from
hog gastric mucin during growth in culture. The Bifidobacterium
strains lacked A-degrading activity but were otherwise similar;
these released 60-80% of the anthrone-reacting hexoses but
not the A antigenic structures from hog gastric mucin. Only
Ruminococcus AB strain VI-268 produced blood group
B-degrading a-galactosidase activity, but this strain lacked 8-
N-acetylhexosaminidases to complete degradation of B antigenic
chains. When this strain was co-cultured with a strain that
produced S-N-acetylhexosaminidases, release of hexoses from
blood group B salivary glycoprotein increased from 50 to
>90%, and bacterial growth was enhanced. The glycosidases
required for side chain degradation were produced by these
strains in the absence of mucin substrate, and a substantial
fraction of each activity in stationary phase cultures was
extracellular. In contrast, none of 16 other fecal Bacteroides,
Escherichia coli, Streptococcus faecalis, and Bifidobacterium
strains produced ABH blood group-degrading enzymes; other
glycosidases produced by these strains were predominantly cell
bound except for extracellular 8-N-acetylhexosaminidases pro-
duced by the five S. faecalis strains.

We conclude that certain Bifidobacterium and Ruminococ-
cus strains are numerically dominant populations degrading
mucin oligosaccharides in the human colon due to their consti-
tutive production of the requisite extracellular glycosidases
including blood group antigen-specific a-glycosidases. These
properties characterize them as a functionally distinct subpop-
ulation of normal human enteric microflora comprised of
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specialized subsets that produce blood group H antigen-de-
grading glycosidases alone or together with either blood group
A- or B-degrading glycosidases.

Introduction

There is mounting evidence that the adherent mucous gel
layer of the gastrointestinal mucosa has important physiological
roles as a lubricant (1), a protective barrier against mixing (2),
a stabilizer for the mucosal association of some enteric bacteria,
and a barrier to the association of others (3-5). Degradation
of the gel layer would result in impairment of these functions.
The large number of oligosaccharide side chains of mucin
glycoproteins impart the characteristic hydrophilic and visco-
elastic properties to the mucous gel (I, 6). In porcine and
human gastric mucins, these chains are closely related linear
and branched structures of varying length linked via a-N-
acetylgalactosamine to serine and threonine residues in the
core polypeptide (7-10). A key feature is that the outer,
nonreducing end of completed chains terminates in alpha-
linked glycosides while the inner regions are beta-glycoside
sequences of D-galactose and N-acetyl-D-glucosamine. The
terminal alpha-linked glycosides include sialic acids and the
ABH blood group antigens whose antigenic specificity is con-
ferred respectively by a-(1-3)-N-acetyl-D-galactosamine (A),
a-(1-3)-D-galactose (B), and a-(1,2)-L-fucose (H) linked to 8-
D-galactose.

Enteric bacterial communities degrade gut mucin glycopro-
teins in vivo (11-13) and in anaerobic fecal cultures (14-16),
but the bacteria responsible for degrading mucin oligosaccha-
rides have not been well characterized. Extensive degradation
would require that the bacteria produce sialidase, the blood
group ABH-degrading a-glycosidases, ($-D-galactosidase, and
B-N-acetylglucosaminidase. Previous work from this laboratory
indicated that the major degradation of the oligosaccharide
chains of hog gastric mucin (HGM)! in anaerobic cultures of
human feces was by unidentified subpopulations averaging 1%
of the fecal bacterial population (15). Chain degradation
appeared to be dependent upon production of extracellular
but not cell-bound sialidase, B-galactosidase, and B-N-acetyl-
glucosaminidase (16). Results of earlier studies indicated that
extracellular a-glycosidases capable of degrading the ABH
blood group antigens were also produced by unidentified
subpopulations of normal human fecal bacteria (17, 18).

We here report on the isolation and properties of five
strains of human fecal bacteria that degrade mucin oligosac-
charide chains and compare their glycosidase production with
that of other enteric bacteria. We also describe a terminal

1. Abbreviations used in this paper: ACES buffer, N{2-acetamido)-2-
aminoethanesulfonic acid; BGD, blood group-degrading; BSG, blood
group B salivary glycoproteins; HGM, hog gastric mucins.



dilution, replicate sampling method with fecal cultures that
permitted us to determine the odds that the largest fecal
population degrading HGM oligosaccharides represented a
single strain that produced at least three of the requisite
glycosidases rather than cooperation among different strains,
each producing a single glycosidase. Use of this sampling
design greatly facilitated isolation of three of the strains. The
results indicate that these strains are members of a functionally
distinct subset of fecal bacteria that degrades mucin oligosac-
charides in man by producing extracellular glycosidases with
the requisite linkage specificities.

Methods

Materials. Fresh stool samples were obtained from healthy subjects
who had not received antibiotics in the preceding 3 mo. Stool samples
from four randomly selected hospitalized patients were also used for
isolation of Escherichia coli and Streptococcus faecalis strains.

Mucin substrates. Hog gastric mucin containing blood group A
and H antigens at minimal hemagglutination-inhibiting concentrations
of 80 ng/mg and 320 ng/mg lyophilized weight, respectively, was
partially purified from a commercial source (lot 6901, ICN Nutritional
Biochemicals, Cleveland, OH) as described previously (15). Blood
group B salivary glycoproteins (BSG) were prepared from saliva from
a blood group B secretor that was heated 10 min at 100°C and
centrifuged at 700 g. Ethanol was added to the supernate to 60% vol/
vol at 0-4°C. The precipitated proteins were dissolved in 0.1 M NaCl
containing 20 mM Tris-HCl buffer, pH 7.8, 5 mM CaCl,, and 3 mM
sodium azide. Pronase, amounting to 1% by weight of the BSG protein
content, was added, and the mixture was incubated for 24 h. A second,
equal amount of pronase was then added and incubation carried out
for an additional 24 h. After centrifugation at 700 g the supernate was
treated with ethanol to 60% vol/vol. The resulting precipitate was
dissolved in distilled water and heated 10 min at 100°C to inactivate
pronase. It was then dialyzed against four changes of distilled water
and was lyophilized. The yield of a typical preparation was 35 mg
from 100 ml saliva; it contained 44% hexoses, 16% protein, and a
minimal inhibitory concentration of B antigen of 325 ng/mg lyophilized
weight. Partially deglycosylated HGM was prepared by adjusting a 10-
mg/ml HGM solution to pH 1.8 with HCI, refluxing for 8 h at 100°C,
and reprecipitating the mucin in 80% vol/vol ethanol after readjusting
the pH to 7. This mild acid hydrolysis cleaves the A and H antigenic
determinant glycosides from the oligosaccharide chains, exposing the
underlying core B-glycoside linkages (reference 19 and unpublished
studies).

Unless stated otherwise, the anaerobic culture medium was prere-
duced “Medium 75 (15) containing 1 mg/ml glucose and 2 mg/ml
HGM or BSG; it was employed either in liquid form or with 2% wt/
vol agar in roller tubes. Medium 75 containing 2 mg/ml D-glucose
and no HGM was used for comparing glycosidase production in the
presence or absence of HGM. Specific culture media employed in the
taxonomic identification of isolates were as listed in the VPI anaerobe
laboratory manual (20). Azoalbumin and para-nitrophenyl-glycopyra-
noside substrates were obtained from Sigma Chemical Co., St. Louis,
MO, and Calbiochem-Behring Corp., San Diego, CA. All chemicals
were reagent grade. ’

Methods

Anaerobic culture techniques. The anaerobic roller tube technique (20)
was used for propagation on agar-based solid media. Medium prepa-
ration, storage, inoculation, and incubation were performed in an
atmosphere of 94% N,-5% CO,-1% H, that had been passed over
copper at 450°C to remove traces of oxygen.

Isolation techniques. The approach used in isolating fecal bacterial
strains with mucin side chain degrading activity consisted of choosing
the highest possible fecal dilutions so as to minimize overgrowth by
facultative anaerobes and other species; using Medium 75 with 2 mg/

ml HGM but no glucose as a selection medium in which mucin
oligosaccharide side chains were the sole source of carbohydrate; and
screening single colonies growing on this medium for ability to produce
A-, B-, or H-blood group antigen-degrading activity. Fresh feces was
serially diluted in the medium and replicate roller tube cultures were
inoculated from each of several fecal dilutions. After 48 h incubation,
individual colonies were picked and screened for presence of blood
group-degrading (BGD) activity. The blood group B-degrading Rumi-
nococcus strain VI-268 was isolated from a heavily inoculated fecal
culture containing 100 ug/ml neomycin sulfate to suppress facultative
anaerobes. The other strains were each isolated from single cultures
among replicates inoculated at the limiting fecal dilution where mucin
degrading bacteria had been nearly diluted out. Colonies with BGD
activity were restreaked onto roller tubes, and individual colonies were
again picked and tested. Repetition of this process resulted in eventual
isolation of pure strains. In order to enhance the likelihood that the
isolates were pure cultures, a theoretical single clone was obtained
from each by a terminal dilution method (21). The nominal probability
that the growth represented a single clone varied from 76 to 95%.
Five Bacteroides species, each from a different subject, were isolated
from cultures inoculated with 0.4-1.0 X 107'° g feces. These were B.
distasonis (1), B. ruminocola ss ruminocola (1), B. fragilis (1), and B.
vulgatus (2). A single strain of Bifidobacterium longum was also isolated
from one of the 107'° g fecal inocula.
Five E. coli strains, each isolated from a different subject, and five
S. faecalis strains, each also isolated from a different subject, were
identified by standard confirmatory tests. Taxonomic identification of
isolated anaerobic strains was made by comparison with results of
published methods (21, 22). Identification of the five mucin side chain-
degrading strains was made by the staff of the Anaerobe Laboratory,
Virginia Polytechnic Institute, Blacksburg, VA. Guinea pig pathogenicity
and mouse toxicity tests were performed as described (21).
Measurement of mucin degradation and enzyme production in in
vitro cultures. Each strain was inoculated into triplicate 10-ml tubes of
Medium 75. Cultures were incubated anaerobically at 37°C. Bacterial
growth was monitored by measuring optical turbidity at 660 nm.
Bacterial cells were harvested after the onset of stationary growth phase
at 22-71 h. Each culture was centrifuged for 20 min at 10,000 g to
yield a cell-free supernatant fraction and a bacterial pellet fraction. A
2-ml aliquot of each supernate was heated for 5 min at 100°C to
inactivate enzymes and was assayed for mucin degradation by measuring
the residual 60% vol/vol ethanol precipitable hexose, protein, and ABH
blood group antigen titers as previously described (15). Loss of >25%
of the anthrone-reacting hexoses from the 60% ethanol precipitable
mucin was defined as indicating degradation of oligosaccharide chains
(15). Results were expressed as the median and range of percentage
loss of mucin hexoses among the triplicate cultures. The remaining
supernate fraction and the bacterial pellets of each strain’s triplicate
cultures were pooled. The pooled supernate was dialyzed against 3-4
1-liter vol of 0.1 M NaCl containing 20 mM N-(2-acetamido)-2-
aminoethanesulfonic acid (ACES buffer), pH 6.4, 1 mM MgCl,, and
0.1 mM Na, EDTA (“enzyme assay buffer”). The pooled bacterial
pellets were washed once and disrupted by ultrasonication for 4 min
as previously described (16). The disrupted cell suspension was centri-
fuged for 30 min at 12,000 g, yielding a pellet of bacterial cell residue
and a soluble bacterial sonicate fraction. The soluble sonicate fraction
was then dialyzed against 3—4 1-liter vol of enzyme assay buffer.
Enzyme assays were performed as previously described (16, 17) on
the culture supernate and on the bacterial sonicate fraction of each
culture representing, respectively, extracellular and cell-bound enzyme
activity. Blood group A-, B-, and H-antigen degrading activities were
measured by the rate of decrease of the hemagglutination inhibition

" titer of each antigen substrate during incubation with culture fractions.

Substrates were HGM for A and H antigen and B salivary glycoproteins
for B antigen. Sialidase was measured by the rate of cleavage of sialic
acid from human serum orosomucoid. S-glucuronidase was assayed
using phenolphthalein glucuronide as substrate (23). All other glycosidase
activities were measured by the rate of cleavage of para-nitrophenol
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from their corresponding p-nitrophenyl-glycopyranosides. Protease ac-
tivity was measured using 25 mg/ml azoalbumin in 0.1 M Tris-HCl
buffer, pH 8.0, as substrate (24). The conditions of each assay were
chosen so that rate of substrate loss or product formation was propor-
tional to enzyme concentration. 1 U of BGD activity was defined as
that amount of activity that caused the titer of antigen substrate to
decrease by one twofold dilution in 30 min at 37°C. Inactive prepa-
rations were defined as those causing no decrease in antigen titer after
incubation for 24 h. 1 mU of the other glycosidases was that amount
releasing 1 nmol of product per minute. 1 U of protease activity was
defined as that amount releasing trichloracetic acid-soluble products
with an optical density of 0.001 at 440 nm after 24 h incubation.
Activities were expressed as the sum of extracellular and cell-bound
units per milligram of bacterial protein. Sialidase, p-nitrophenyl-
glycosidase, and B-glucuronidase activities listed as zero in the tables
were those which were <0.5 mU/mg bacterial protein. The coefficients
of variation for five glycosidase activities produced in triplicate cultures
of two mucin-degrading strains and one Bacteroides strain averaged
15% (range: 3-26%).

The ability of the extracellular 8-N-acetyl hexosaminidases produced
by the S. faecalis strains and others to cleave N-acetylhexosamines
from mucin oligosaccharides was assessed by measuring the amount
of N-acetylhexosamines released from a 10-mg/ml solution of partially
deglycosylated mucin in enzyme assay buffer during incubation with
an equal volume of the cell-free culture supernate at 37°C. Aliquots
were removed from the incubation mixture initially and at 24 h, and
the mucin was precipitated from them with 80% vol/vol ethanol. After
centrifugation, the supernatant fractions were evaporated to dryness,
redissolved in water, and assayed for released N-acetylhexosamines by
the method of Reissig et al, (25) using N-acetylglucosamine as standard.

Protein concentration in the bacterial cell sonicate and the cell
residue fractions was determined by a modification (15) of the method
of Lowry et al. (26). Since ACES buffer formed a chromogen with the
Folin phenol reagent protein, assays were performed on aliquots of the
cell sonicate fractions that had been dialyzed against enzyme assay
buffer with 20 mM phosphate buffer, pH 6.4, substituting for ACES
buffer. Bacterial protein concentration was the sum of the protein
concentrations of the cell sonicate and cell residue. ABO blood group
and secretor status of subjects were determined using standard hem-
agglutination techniques as previously described (17). '

Terminal dilution, replicate sampling method
Jor testing the single strain hypothesis

General features. Fresh feces was diluted to the point where bacteria
degrading mucin side chains were present in some, but not in all, -
cultures inoculated from this dilution. Eight or 12 replicate tubes of
anaerobic culture medium were inoculated from this dilution, and
after 48 h incubation the cell-free supernates of every culture were
analyzed for mucin side chain degradation and for four glycosidase
activities: 8-D-galactosidase (A), 5-N-acetyl-D-glucosaminidase (B), blood
group H-degrading activity (C), and blood group A-degrading activity
(D). Hypothesis I states that the glycosidases are produced by a single
strain. Under this hypothesis the glycosidases would occur together
only in those cultures containing the single strain, and only in those
cultures would there be extensive degradation of mucin side chains.
Hypothesis II states that each glycosidase is produced by a different
strain. Under this hypothesis each glycosidase would be randomly and
independently distributed among the replicate cultures, and extensive
side chain degradation would only occur in those cultures where by
chance all four glycosidases were present together. Each hypothesi.
carries with it a different probability of finding cultures containing all
glycosidases. These probabilities were calculated using binomial probability
Eqgs. 1 and 2, listed in the Appendix, and the ratio of their probabilities
represented the odds favoring hypothesis I over hypothesis II.

It was possible to estimate the appropriate fecal inoculum size by
taking advantage of two properties of fecal populations of mucin-
degrading bacteria (15): their fecal population densities are generally
stable and the frequency of cultures containing these bacteria among
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replicate cultures inoculated with serially diluted feces follows a Poisson
distribution according to equation (3):

y=n(l — e, 3)

where y equals number of cultures with mucin side chain degradation;
n equals number of inoculated replicate cultures; d equals most
probable number of mucin side chain-degrading bacteria per gram wet
fecal weight; and v equals fecal inoculum size, g When
y = n/2, Eq. 3 simplifies to:

v =0.693/d. ()

Accordingly, the appropriate fecal inoculum size was estimated by first
determining the most probable number of mucin side chain-degrading
bacteria per gram in a preliminary fecal sample (15) and substituting
this value for d in Eq. 4 to obtain the fecal inoculum size estimated
to yield side chain-degrading bacteria in one-half of the replicate
cultures. Using this value for v as a g'hige we inoculated three sets of
replicate cultures within a 10-fold size range, two with less than v, and
one with greater than v. After incubation, the cell-free culture supernates
from the three sets were screened for mucin hexose degradation, and
that set was chosen for further analysis that displayed strong mucin
hexose degradation in less than half of the cultures.

Loss of >70% of anthrone-reacting hexoses from HGM was defined
as extensive side chain degradation. Presence of blood group A- or
H-degrading activity was detected by a decrease of blood group A or
H hemagglutination inhibition titers to <1:2 from their initial titers in
uninoculated medium; no change in the A or H titers indicated lack
of activity. $-galactosidase and 8-N-acetylglucosaminidase were defined
as present if their activities were =2.0 mU/ml and =1.0 mU/ml,
respectively. Use of these cutoff values eliminated low levels of
background activity in cultures with no loss of mucin hexoses and
discriminated between such cultures and those with loss of >70%
anthrone-reacting mucin hexoses, the majority of which had activities
exceeding 5 mU/ml.

Results

Before attempting to isolate fecal bacteria that degraded HGM
oligosaccharides it was important to determine the likelihood
that the largest fecal population degrading these oligosaccharides
was a single bacterial strain that produced the requisite glycosi-
dases, or if it represented different strains, each of which
produced a single glycosidase, acting cooperatively to effect
chain degradation. To this end we used a terminal dilution,
replicate sampling method to calculate the odds that four
requisite glycosidases in anaerobic fecal cultures were produced
by a single strain. Replicate cultures from seven subjects were
inoculated at the limiting fecal dilution where bacteria degrading
mucin oligosaccharides were still present in some of the
replicates but not in others. Glycosidase activities were variably
distributed among these cultures; the distribution pattern varied
with fecal inoculum size and from subject to subject. Extensive
loss (>70%) of HGM hexoses occurred in 95% of cultures
containing either three or four of the glycosidases, and was
greatest in those containing all four glycosidases (median loss
of mucin hexoses = 95%, range = 79-99%).

Table 1 shows the distribution of glycosidases among
replicate fecal cultures from each of the subjects. This table
also lists the probabilities under hypotheses I (a single strain
produces every glycosidase) and II (each glycosidase is produced
by a different strain) for obtaining the observed results and the
odds favoring hypothesis I. The odds favoring hypothesis I
exceeded 150 to 1 in four subjects and were <10 to 1 in three.
These odds sufficiently favored the single strain hypothesis
that we used production of A- or H-degrading activity as a



Table I. Probabilities and Odds Associated with Hypothesis I* and Hypothesis IT}

No. of cultures containing

No. of glycosidase§ No. of cultures Probability with hypothesis
Fecal replicate containing Odds favoring
Subject inoculum cultures A B C D every glycosidase * J1¢3 hypothesis I
g n a b c d r
1 2 X 107 12 4 4 4 0 4 0.238 6.89 X 107* 346/1
2 3x 1071 12 2 1 2 1 1 0.384 231X 1073 166/1
3 1 X107 8 2 3 3 2 2 0.312 205 x 1073 152/1
4 1X107° 8 3 3 2 2 2 0.312 205 %1073 152/1
5 1x107° 8 7 4 3 2 2 0.312 3.66 X 1072 8.5/1
6 3% 1071 12 6 3 4 2 1 0.384 7.72 X 1072 5.0/1
7 3% 1071 12 10 8 2 1 1 0.384 8.50 X 1072 4.5/1

* A single strain produces all of the glycosidases. } Separate strains produce individual glycosidases. § A, B-D-galactosidase; B, B-N-acetyl-D-
glucosaminidase; C, blood group H-degrading activity; D, blood group A-degrading activity.

screening method to isolate representatives of these hypothetical
single strains from selected replicate cultures. Three of the five
strains of bacteria with side chain-degrading activity were
isolated: Ruminococcus torques strain VIII-239 and Bifidobac-
terium strains VIII-210 and VIII-240. Consistent with hypothesis
I, each produced three of the extracellular glycosidases, and
R. torques strain VIII-239 also produced A-degrading activity.

Characteristics of the isolated strains. The five strains with
mucin oligosaccharide chain-degrading activity were non-spor-
ulating, gram-positive, obligate anaerobes of the genera Rumi-
nococcus and Bifidobacterium. Strains IX-70 and VIII-239
were identified as R. torques, strain VI-268 as R. AB, strain
VIII-210 as Bifidobacterium bifidum, and strain VIII-240 as
B. infantis. Some properties of the B-degrading enzyme pro-
duced by strain VI-268 were reported previously (17, 18). Like

other members of these genera, growth of each was enhanced
by carbohydrates including glucose which were fermented with
production of acid. None were pathogenic to guinea pigs or
toxigenic in the mouse assay. The ABO blood group and ABH
secretor status of their original hosts and the concentration of
fecal inoculum from which they were isolated are listed with
each strain in Table II. R. 4B strain VI-268 and R. torques
strain VIII-239 were isolated from one blood group B secretor;
each of the others was isolated from a different subject. All
but strain VI-268 were isolated from cultures at the limiting
fecal dilution exhibiting mucin side chain degradation in
culture and thus were the numerically dominant fecal bacteria
with side chain-degrading activity in their respective hosts.
Since the blood group A-degrading R. torques strain IX-70
was isolated from a blood group A secretor and the blood

Table II. Degradation of Mucin Oligosaccharides by Mucin Side Chain Degraders and Other Fecal Bacteria

Median (and range) percent loss

of hexoses from: Loss of blood group antigen titers from:
Fecal
Host's blood concentration HGM BSG
group and from which
Strain secretor status isolated HGM BSG A H B H
g/ml
I. Mucin chain degraders
Ruminococcus
torques strain 1X-70 A sec. 1 X 1078 95 (94-95) 44 (42-46) Comp.* Comp. None Comp.
torques strain VIII-239 B sec. 1 X10° 91 (90-91) 39 (38-41) Comp. Comp. None Comp.
AB strain VI-268 B sec. 2 X 1073 34 (34-36) 50 (48-52) None Comp. Comp. Comp.
Bifidobacterium
bifidum strain VIII-210 0 sec. 4 x 1071 81 (80-81) 50 (48-53) None Comp. None Comp.
infantis strain VIII-240 0 sec. 1X10°® 69 (65-70) 47 (47-51) None Comp. None Comp.
II. Other strains
Bacteroides species (5) <] X 1070 25 (20-27)
Bifidobacterium longum (1) 1 X107t 22 (20-24)
E. coli strains (5) 1X1073 19 (9-23)
S. faecalis strains (5) ~1 X 1073 21 (19-23)

* Comp., complete loss of antigen.
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group H-degrading Bifidobacterium strains VIII-210 and VIII-
240 were isolated from blood group O secretors, each of these
was also the numerically dominant strain degrading its host’s
blood group phenotype antigen in his gut mucous secretions.

Degradation of mucin side chains. Loss of hexoses and
blood group antigens from HGM and BSG during growth of
the five strains in culture is shown in Table II. Loss of hexoses
from HGM by side chain-degrading strains varied from >90%
for R. torques strains IX-70 and VIII-239 to 34% for R. AB
strain VI-268. Loss of blood group antigens was either complete
or nil. The R. torques strains completely degraded the A and
H antigen structures from the side chains. In contrast, the
other three strains degraded H antigenic determinants but not
A antigenic determinants, and loss of hexoses from HGM by
these three strains was less extensive. Loss of hexoses from
BSG by these five strains was limited to 39-50% and included
complete loss of H antigenic determinants. Of the five strains,
only R. 4B strain VI-268 degraded B antigen from BSG; this
degradation was accompanied by a release of galactose from
BSG (17).

Table II also shows the extent of mucin degradation by
strains of Bacteroides species (5), B. longum (1), E. coli (5),
and S. faecalis (5). Little or no degradation of hexoses occurred
from HGM during growth of these strains. In only one out of
48 cultures did the extent of hexose degradation from HGM
(27%) exceed the defined lower limit of hexose degradation (26).

Glycosidase production by mucin side chain degraders.

Glycosidase activities produced by side chain-degrading bacteria
during growth in culture are shown in Table III. The listed
glycosidases are those expected to have a role in side chain
degradation. Blood group A-degrading and p-nitrophenyl-a-N-
acetylgalactosaminidase activities are probably due to the same
enzyme since we (unpublished studies with strain IX-70) and
others (27) have found that these activities have the same
electrophoretic mobility. The side chain-degraders differed in
the specificity of the a-glycosidases they produced. While all
produced H-degrading activity and sialidase, only the two
R. torques strains produced A-degrading activity and «-N-
acetylgalactosaminidase. R. AB strain VI-268 was the only one
that produced B-degrading activity. The two Bifidobacterium
strains produced only H-degrading activity. Each of the strains
produced S-galactosidase, and all except R. AB strain VI-268
produced the two §-N-acetylhexosaminidases.

Two properties of glycosidase production by the side chain-
degrading strains are noteworthy. First, a substantial fraction
of their activities is extracellular. Thus, by early stationary
growth phase the median percentage extracellular activity for
the eight glycosidases among the five strains in Table III was
49% and ranged from 0 to 96%. In general, the extracellular
fraction of the glycosidase activities was greater among the
three Ruminococcus strains (median = 67%) than among the
two Bifidobacterium strains (median = 22%). Second, produc-
tion of glycosidases required for mucin side chain degradation
is constitutive, i.e., their synthesis is not induced by mucin.

Table III. Glycosidase Activities in Cultures of Mucin Side Chain Degraders and Other Fecal Bacteria*

BGD activity vs.
a-N(Ac)galactos- B-N(Ac)glucos-  B-N(Ac)galactos-
Strain A B H Sialidase aminidase B-Galactosidase ~ aminidase aminidase
I. Mucine chain degraders
Ruminococcus
torques strain
I1X-70 214 (44%) 0 12 (33%) 55 (49%) 460 (41%) 555 (33%) 360 (53%) 21 37%)
torques strain
VIII-239 244 (82%) 0 25 (89%) 81 (69%) 490 (75%) 300 (69%) 240 (73%) 49 (66%)
AB strain VI-268 0 1,100 (86%) 24 (57%) 6 (67%) 0 25 (96%) 0 0
Bifidobacterium
bifidum strain
VIII-210 0 0 31 (50%) 72 (33%) 0 2,800 (10%) 860 (25%) 17 (8%)
infantis strain
VII-240 0 0 4(25%) 4(48%) O 760 (2%) 110 (18%) 2 (0%)
II. Other strains
Bacteroides 0 0 0 3.50%) 0.1 (0%) 340 (4.4%) 1,300 (0.6%) 160 (0%)
species (5) [0-0.5] [0.4-11] [0-1.0] [140-840]  [230-1,700] [45-240]
Bifidobacterium
longum (1) 0 0 0 0 300 (0%) 15 (20%) 1.6 (0%)
E. coli strains (5) 0 0 0 0 3.0 (14%) 0 0
[0-1.0] [3.0-6.0]
S. faecalis strains (5) 0 0 0 0 230 (90%) 9.0 (90%)
[80-280] [6.0-10]

* Values are for total (cell-bound plus extracellular) activity followed by percentage of extracellular activity in parentheses. Values for the five
Bacteroides species, the five E. coli strains and the 5 Str. faecalis strains are the medians with the range in brackets underneath. Activities are
expressed per milligram bacterial protein. 1 U of A-, B- or H-blood group degrading activity is that amount causing the antigen titer to decrease
by one twofold serial dilution in 30 min. All other activities: milliunits (nanomole product released per minute),
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This is shown in Table IV, which expresses the ratio of cell-
bound plus extracellular glycosidase activities produced in
medium containing HGM to the activities produced by si-
multaneously inoculated cultures in medium lacking HGM. If
HGM induced synthesis of these activities the ratio should
exceed 1.00 by many-fold; if not, the ratio should be one or
less. The results show that with four of the isolates the ratio
ranged from 0.3 to 1.9. Although the glycosidase activities of
Bifidobacterium strain VIII-210 were enhanced threefold in
medium containing HGM it is questionable if this represents
induced synthesis, since with induction the ratio usually far
exceeds 3.0 (28).

Glycosidase production by other fecal bacteria (Table 111).
In contrast to the mucin side chain-degrading bacteria, none
of the other fecal isolates produced extracellular A-, B-, or H-
blood group-degrading activity. Weak cell-bound H-degrading
activity was produced by one Bacteroides vulgatus strain and
one B. fragilis strain that required prolonged incubation for
=24 h to detect. The Bacteroides strains produced the other
glycosidases in amounts that differed widely among strains.
Highest activities of most glycosidases were produced by the
two B. vulgatus strains and by the single B. fragilis strain.
Glycosidases produced by the Bacteroides strains were almost
exclusively cell bound. Thus, the median extracellular activity
of 10 glycosidases produced by these strains varied from 0 to
4.4% of the total activity. As with the mucin side chain-
degrading bacteria, the levels of glycosidase activities produced
by the Bacteroides strains were uninfluenced by the presence
of HGM in the culture medium (data not shown).

Among the eight glycosidase activities, only cell-bound §-
galactosidase and B-N-acetylhexosaminidases were detected in
cultures of the B. longum strain. Small amounts of cell-bound
B-galactosidase were produced by the E. coli strains which
increased many-fold when these strains were grown in medium
containing lactose (data not shown).

All five S. faecalis strains produced the two §-N-acetylhex-
osaminidase activities as extracellular enzymes. While active
towards their p-nitrophenylglycoside substrates, these glycosi-
dases did not release N-acetylhexosamines from oligosaccharide
chains of partially deglycosylated mucin. Thus, cell-free culture
supernates of each of the S. faecalis strains incubated with
partially deglycosylated mucin for 24 h released <1 nmol of
N-acetylglucosamine/mg mucin substrate, whereas culture su-
pernates of strains IX-70 and VIII-240 in parallel incubations
released 145 and 205 nmol/mg mucin, respectively.

Relationship between degradation of mucin oligosaccharides
and the glycosidases produced by fecal bacteria. When compared
to other fecal strains, the ability of the five mucin side chain-
degraders to degrade HGM oligosaccharides was clearly related
to their production of extracellular glycosidase activities, par-
ticularly the a-glycosidases that degraded the ABH blood group
antigens. Thus, only R. forques strains IX-70 and VIII-239
produced all of the requisite glycosidases, including A-degrading
activity. Only in cultures of these strains was there =90% loss
of hexoses and complete loss of blood group A and H antigen
from HGM side chains. By contrast, Bifidobacterium strains
VIII-210 and VIII-240 produced the other glycosidases but
not the A-degrading a-N-acetylgalactosaminidase; these strains
degraded less (65-80%) hexoses from HGM and caused com-
plete loss of H antigen but no loss of A antigen. Ruminococcus
strain VI-268 lacked B-N-acetylhexosaminidases as well as A-
degrading activity; this strain caused the least degradation of
hexoses from HGM.

Limited degradation of side chains from BSG by the five
side chain-degrading strains is consistent with the lack, in four
strains, of blood group B-degrading activity for the initial step
in the sequential stepwise cleavage of B antigenic chains.
Although the fifth strain, R. AB VI-268, produced a B-
degrading a-galactosidase, its lack of 8-hexosaminidases may
have prevented it from completing the degradation of BSG
side chains. In order to test this possibility we co-cultured
strain VI-268 with strain VIII-210, which produced B-N-
acetylhexosaminidases, in medium containing BSG and com-
pared side chain degradation and bacterial growth in the co-
cultures with cultures containing each strain alone. The results
in two studies (Table V) showed that degradation of hexoses
from BSG was increased from 40-50% to >90% in the co-
culture, and bacterial growth was enhanced >3-fold. Exami-
nation of gram-stained smears of co-cultures showed that
roughly one-third of the bacteria were strain VIII-210, indicating
that growth of both strains had been enhanced. When the
living bacteria of strain VIII-210 were replaced by a sterile
cell-free culture supernate of this strain (study 3 in Table V),
loss of hexoses from BSG were doubled from 39 to 81% and
growth of strain VI-268 increased fivefold, compared with
cultures containing supernate preheated at 100°C for 5 min
in order to inactivate its glycosidase activities. These results
are consistent with an in vitro symbiotic cooperation between
strains VI-268 and VIII-210, wherein each produced a glyco-
sidase that the other lacked. When grown together the full

Table 1V. Evidence for Constitutive Production of Glycosidase Activities by Mucin Side Chain Degrading Strains:
Ratio of Activities in Cultures Containing HGM to Activities in Cultures without HGM*

BGD activity vs.

Strain A B H Sialidase B-Galactosidase B-N(Ac)glucosaminidase
Ruminococcus

torques strain 1X-70 0.40 1.00 0.32 0.73 0.30

torques strain VIII-239 0.69 0.53 1.50 0.93 1.28

AB strain VI-268 0.78 0.75 1.93 043
Bifidobacterium

bifidum strain VIII-210 3.00 3.50 3.60 247

infantis strain VIII-240 0.91 0.68 0.88 0.70

* Activities are the total (cell-bound plus extracellular) glycosidase activities in each culture expressed as units per milligram bacterial protein.
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Table V. Cooperation Between Ruminococcus Strain VI-268 and Bifidobacterium Strain VIII-210 in
the Degradation of Oligosaccharide Side Chains from Blood Group B Salivary Mucin Glycoproteins*

Percentage loss of mucin hexoses

Bacterial growth (A optical density 660 nm)

Strain

Study | Study 2 Study 3 Study | Study 2 Study 3
VI-268 alone 50+2 38+4 41+3 46+2 38+3 1246
VIII-210 alone 50+3 42+19 203 23+12
VI-268 + VIII-210 co-culture 97+1 94+2 12611 152431
VI-268 + heat-inactivated culture supernate
of VIII-210 39+2 217
VI1-268 + culture supernate of VIII-210 81x1 1007

* Values are the mean+SD of triplicate cultures. The values for bacterial growth in the table are the observed values multiplied by 1,000.

complement of glycosidases was produced that was required
for extensive degradation of BSG oligosaccharides. Since bac-
terial growth in Medium 75 is limited by carbohydrate con-
centration (15), the greater bacterial growth in the co-cultures
presumably resulted from the greater amount of saccharides
released from BSG by cooperation between the two strains.

Production of seven other glycosidases was tested in cultures
of each of the 21 isolates (Table VI). Weak extracellular a-N-
acetylglucosaminidase activity was detected only in cultures of
R. torques strains VIII-239 and IX-70. Inability of most strains
to produce this activity is consistent with recent observations
that oligosaccharide chains with a-N-acetylglucosamine at their
nonreducing end are not a feature of human gastric mucin (9)
despite being prominent in porcine gastric mucin (7, 8). All
mucin side chain degrading strains, Bacteroides strains, and
the B. longum strain produced a-glucosidase, and all of these
except R. torques strains IX-70 and VIII-239 produced a-
galactosidase. The p-nitrophenyl-a-galactosidase produced by
strain VI-268 differed from its blood group B-degrading a-
galactosidase in having greater electrophoretic mobility, greater
retardation during gel exclusion chromatography on Sephadex
G-200, and in lacking blood group B-degrading activity. Fewer
strains produced B-glucosidase, a-mannosidase, and S-gluc-
uronidase. Although each of the five mucin side chain degraders
produced an H-degrading a-L-fucosidase, this activity did not
cleave p-nitrophenyl-a-L-fucopyranoside. By contrast, all five
Bacteroides strains produced a cell-bound a-L-fucosidase that
was active against the p-nitrophenyl substrate but not against
H antigen. None of the seven activities were detected in
cultures of the E. coli and S. faecalis strains.

Table VI. Production of Other Glycosidases by Fecal Isolates

Mucin side chain

Of the 21 strains, only two S. faecalis strains produced
protease activity active on azoalbumin. This was exclusively
extracellular and amounted to 180 and 500 U/mg bacterial
protein, respectively.

Discussion

A distinguishing feature of the five strains of human fecal
bacteria reported here is their ability to degrade oligosaccharide
side chains of gut mucins. This characterizes them as a
functionally unique and distinct subset of the normal human
fecal flora. Thus, earlier work of Salyers et al. (29, 30) showed
that none of 188 human fecal Bacteroides strains fermented
HGM, and of 154 strains of 22 other human fecal anaerobic
species only eight fermented HGM; these were six strains of
R. torques and two strains of Bifidobacterium bifidum. Our
results provide independent confirmation that strains of R.
torques and of bifidobacteria degrade mucin carbohydrates;
fermentation of HGM with production of acids as measured
by Salyers et al. appears to be equivalent to extensive degra-
dation of mucin oligosaccharides as measured by us.

The basis for the ability of Bifidobacterium and Rumino-
coccus strains to degrade mucin oligosaccharides is their pro-
duction of extracellular glycosidases with the appropriate linkage
specificities for the glycosides comprising the chains. All pro-
duced sialidase and either one or two of the ABH blood group-
degrading a-glycosidases that make the initial cleavage of the
terminal a-glycosides. Except for the lack of production of 8-
N-acetylhexosaminidases by R. 4B strain VI-268, these strains
produced the extracellular (-glycosidases required for chain

Glycosidase activity* degraders (5) Bacteroides (5) B. longum (1) E. coli (5) S. faecalis (5)
pnp-a-N-acetyl-D-glucosaminidase 2/5 0/5 0/1 0/5 0/5
pnp-a-D-galactosidase 3/5 5/5 1/1 0/5 0/5
pnp-a-D-glucosidase 5/5 5/5 1/1 0/5 0/5
pnp-B-D-glucosidase 2/5 3/5 1/1 0/5 0/5
pnp-a-D-mannosidase 1/5 2/ 0/1 0/5 0/5
pnp-a-L-fucosidase 0/5 5/5 0/1 0/5 0/5
B-D-glucuronidase 1/5 3/5 0/1 0/5 0/5

* pnp, para-nitrophenyl-. Values, number of strains producing activity per number tested.
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degradation once the terminal o-linked glycosides had been
removed. By contrast, other fecal bacteria including the nu-
merically abundant Bacteroides species did not produce blood
group-degrading a-glycosidases and produced others as cell-
bound enzymes. The limited ability of Bacteroides to degrade
mucin oligosaccharides was also observed by Roberton and
Stanley (31), who found that sialic acid residues were the
major carbohydrate lost from pig gastric and colonic mucus
during growth of B. fragilis in vitro.

The ability to produce a-glycosidases with blood group A-,
B-, or H-degrading activity is limited to only a few strains of
human fecal bacteria. Previously reported fecal isolates with
BGD activity are Clostridium perfringens (27, 32) (extracellular),
Bifidobacterium bifidum var. Penn (33) (cell-bound), and Shi-
gella dysenteriae (34) (cell bound). It is noteworthy that none
of the strains reported here or previously cleaved all three
blood group antigens. Each of our isolates produced H-
degrading activity alone or with either A- or B-degrading
activity, supporting our earlier conclusion, based on differences
in fecal population densities, that these enzyme activities were
likely produced by separate bacterial populations (18). Since
the H antigenic determinant a-L-fucosyl residue is also present
in the terminal trisaccharides of A and B antigens, the H
antigen residues could be removed by each of the strains, and
the critical variable determining whether a given strain could
continue the degradation of blood group A or B chains was
its ability to produce the appropriate a-glycosidase with A- or
B-degrading specificity. A greater diversity of strains is thereby
required for degradation of mucins containing blood group A
or B antigens than if a single strain produced glycosidases
acting against all three blood group antigenic determinants. A
competitive nutritional advantage should be conferred upon
the strain that produces the a-glycosidase that cleaves the
blood group phenotype antigen from the host’s mucin glyco-
proteins. The result should be an increased population density
of that strain. This was the case for bacteria producing blood
group B-degrading activity in B secretors (18) and is a presumed
mechanism for the greater levels of B-degrading activity ob-
served in fecal extracts (35) and whole fecal cultures (17) of
blood group B secretors.

A noteworthy characteristic of glycosidase production by
the five strains of oligosaccharide chain-degrading bacteria is
that glycoside production was constitutive, i.e., did not require
induction by mucin substrate. The ability to produce key
nutritional enzymes constitutively has been shown to confer a
selective advantage over nonconstitutive strains in chemostat
cultures where substrate concentration is growth limiting (36—
38). A similar advantage might accrue to mucin oligosaccharide
chain-degrading bacteria in their colonic habitat. In addition,
there is an energy cost involved in producing glycosidases
required for deriving nutritional monosaccharides from mucin
oligosaccharides. It seems likely that less energy is expended
within the colon ecosystem when the requisite glycosidases are
produced constitutively as extracellular enzymes by a few
specialized strains, thereby obviating the need for all resident
strains to expend the energy required to produce them.

The extracellular glycosidases produced by the subset of
fecal mucin oligosaccharide-degrading bacteria may serve several
important biological roles. Experiments with whole fecal cul-
tures indicate that monosaccharides released from mucin by
these glycosidases support growth of larger populations of
Bacteroides and other fecal bacterial that are otherwise unable

to degrade and obtain benefit from mucins (39). Thus, mucin-
degrading strains may have a nutritional support role for
human enteric bacteria, especially when the host is fasting.
Their extracellular glycosidases are also capable of altering
surface antigenic carbohydrates on bacterial cell walls (40) as
well as on erythrocyte membranes (41). Comparable effects on
membrane glycolipids and glycoproteins of the gut mucosa
could lead to alterations of attachment sites for toxins and
bacteria as well as damage to brush border enzymes in bacterial
overgrowth syndromes (42). These glycosidases may also con-
tribute to the activation of mutagens by deconjugation of
ingested plant glycosides (43, 44). Their role in these activities
as well as in ulcerative lesions of the gut mucosa remains to
be determined.

Appendix

Calculation of the probabilities that glycosidases occurring together in
cultures are produced by a single bacterial strain (hypothesis I) or by
separate bacterial strains, each producing a single glycosidase (hypothesis
II). Let there be n replicate cultures inoculated from a single fecal
dilution where glycosidase activities required for mucin side chain
degradation occur together in r cultures. Extensive side chain degradation
occurs in these cultures and not in (n — r) cultures. Assume that
bacteria are randomly and independently distributed throughout all
cultures. Glycosidases A, B, C, D, . . . are detected among the n
cultures. Glycosidase A is present in a cultures, B is present in b
cultures, C is present in ¢ cultures, D is present in d cultures, etc.
Glycosidases A, B, C, D, etc., occur together in r cultures. The size of
the fecal inoculum is such that n > a, b, ¢, d, . . . r.

Hpypothesis 1. All glycosidases are produced by a single bacterial
strain which is present in r cultures. The probability that any one
culture contains all of the glycosidases equals r/n. Consider that n
replicate cultures were drawn at random from a large number of
cultures, each with the probability r/n of containing the glycosidases.
Then the probability of obtaining all glycosidases together in exactly r
cultures under hypothesis I is:

Pgiyy = SCr/nY (1 — r/n)"™, (1)

where ,C, equals the number of combinations of » things taken r at a
time equals n!/r(n — ).

Hypothesis I1. Each of the glycosidases is produced by a separate
bacterial strain. Strain A produces glycosidase A, strain B produces B,
strain C produces C, and strain D produces D, etc. The probability
that any one culture contains glycosidase A is P, = a/n, glycosidase B
is Py = b/n, etc. The probability that any one culture contains all

D

glycosidases is a/n-b/n-c/n-dfn = Pa+Py-Pc+Pp = [] P;. Consider
i=A
that n cultures were drawn at random from a large number of cultures,

D
each with the probability [] P; of containing all the glycosidases. Then
i=A
the probability of obtaining all the glycosidases together in exactly r
cultures under hypothesis II is:

Py = RCAIT PYQL - T] Py, (2)

and the odds favoring hypothesis I = Pgy.1/Pgn).

The following four requirements must be met for application of
binominal probability measurements to a sampling design (45): (a)
there must be a fixed number of trials, #; (b) the probability of success
must be the same in each trial; (c) the trials must be independent of
each other; and (d) there must be either one of two mutually exclusive
outcomes in each trial. In the present application each one of n
replicate cultures is regarded as a separate and independent trial where
the probability of “success”, i.e., r/n, [] P;, is the same for each
culture. These conditions are met if bacteria are randomly and

Bacterial Degradation of Mucins 951



independently distributed throughout all cultures. This was approxi-
mated by thorough mixing during the serial diluting and sampling
procedures. The two mutually exclusive outcomes were the presence
or absence of each glycosidase activity in each culture. As noted in
Methods, the glycosidase activities met this requirement through choice
of assay conditions or use of discriminating cut-off values.

Note added in proof. Three of the mucin oligosaccharide-degrading
strains have been deposited in The American Type Culture Collection.
These are R. AB strain VI-268 (ATCC No. 35913), B. bifidum strain
VIII-210 (ATCC No. 35914), and R. torques strain 1X-70 (ATCC
No. 35915).
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