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The two biotypes of Vibrio cholerae were found to have cell-associated
hemagglutinins which differ with regard to binding to different species of erythro-
cytes and inhibition by monosaccharides. A total of 12 classical V. cholerae
strains (Inaba or Ogawa) strongly agglutinated human erythrocytes in a reaction
specifically inhibited by L-fucose, whereas 12 El Tor strains preferably agglutinat-
ed chicken erythrocytes, a reaction reversed by D-mannose or by higher concen-
trations of D-fructose, D-glucose, a-methyl-D-mannoside, or sucrose. Milk from
Swedish women inhibited both of these adherence reactions, and the predominat-
ing inhibitory activity for each reaction resisted boiling, was destroyed by
periodate treatment, and bound to a concanavalin A-Sepharose column, suggest-
ing a carbohydrate structure. Further characterization indicated that the inhibi-
tory activity for classical V. cholerae hemagglutination was distributed about
equally on glycoprotein and free oligosaccharide, but was not present on
glycolipid. The El Tor inhibiting activity, on the other hand, was almost
exclusively of a high-molecular-weight glycoprotein nature. These results support
our previous suggestion (Holmgren et al., Infect. Immun. 33:136-141, 1981) that
human milk may contain receptor-like glycocompounds which can prevent
bacterial adherence by competition with receptors on target cells.

Infection with enterotoxinogenic bacteria is
an important cause of watery diarrheal disease,
which may lead to dehydration and, in severe
cases, death of patients. Colonization with ad-
herence of bacteria to the intestinal epithelium
and binding of secreted enterotoxin(s) to muco-
sal cells are obligatory pathogenic events in the
enterotoxic enteropathies caused by these bac-
teria. Both bacterial adherence and enterotoxin
action appear to depend on the presence of
membrane receptors on the intestinal epithelial
cells. Chemically, these receptors probably are
glycoconjugates containing a receptor-specific
oligosaccharide moiety linked to either a lipid or
protein backbone which anchors the receptor in
the cell membrane. (The term receptor is used in
a loose sense simply to denote a specific cell
surface binding site; the receptors for toxins are
true receptors in that they partake in a trans-
membrane effect on cell metabolism, whereas
the receptors involved in bacterial adherence are
only known to be binding sites.)

In a previous study we found that samples of
human milk had strong inhibitory activity for
bacterial cell adherence, as well as for entero-
toxin binding, as noted both for Escherichia coli
possessing defined colonization factor antigens

(adherence pili) and for Vibrio cholerae (9). The
main inhibitory activity was separate from
immunoglobulin, and we proposed that this ac-
tivity might instead represent secreted structure
analogs (oligosaccharides or glycoconjugates) of
cell receptors for the particular bacterial adhe-
sins and enterotoxins.
The aim of this study was to test this hypothe-

sis by characterizing the factors in human milk
that are responsible for the inhibition of adher-
ence of V. cholerae cells to erythrocytes. V.
cholerae is the prototype for those organisms
which produce diarrheal disease by colonizing
the small intestine and elaborating an enterotox-
in, yet relatively little is known about its mode of
adherence to cells, in contrast to the detailed
knowledge that exists about the binding of chol-
era toxin to its cell receptors (7). However, V.
cholerae cells have been found to cause aggluti-
nation of certain species of erythrocytes, and it
has been suggested that the attachment of bacte-
ria to erythrocytes mimicks the interactions that
result in adherence of cholera vibrios to intesti-
nal epithelium (1-3, 11; G. L. Bales and C. E.
Lankford, Bacteriol. Proc., p. 118, 1961). At
least two cell-associated hemagglutinins of V.
cholerae have been described; one of these is
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inhibited by L-fuCose, and the other is inhibited
by D-mannose (1, 5, 11). We have found that the
fucose-sensitive hemagglutinin is associated
with the classical biotype of V. cholerae and that
the mannose-sensitive hemagglutinin is associat-
ed with the El Tor biotype. Both of these
hemagglutinins are strongly inhibited by human
milk, and our results indicate that an oligosac-
charide(s) and a high-molecular-weight glyco-
protein(s), probably containing fucose, are re-

sponsible for the hemagglutination inhibition
(HAI) of classical V. cholerae strains and that a

high-molecular-weight milk glycoprotein which
presumably contains mannose mediates inhibi-
tion of El Tor cholera vibrio hemagglutination
(HA).
(A preliminary account of the results was

presented at the International Symposium on

Enteric Infections, Brugge, Belgium, 7-9 Sep-
tember 1981.)

MATERIALS AND METHODS

Bacteria. A total of 24 strains belonging to V.
cholerae 0 group 1 were used; 12 of these strains were

of the classical biotype, and 12 strains were of the El
Tor biotype. These strains and their serotypes (Inaba
or Ogawa) are listed in Table 1. One classical strain
(1451 Ogawa) and one El Tor strain (1836 Inaba) were

used for studying inhibitory milk compounds; these
strains were selected as adherence prototypes for the
respective V. cholerae biotypes due to their high
stable hemagglutinating capacities for different species
of erythrocytes.
The bacteria were grown with shaking (200 rpm) in

Trypticase soy broth without glucose at 37°C for 7 to 8
h; an overnight culture in Trypticase soy broth served
as the inoculum. After storage at 4°C overnight, the
bacterial cultures were centrifuged at 10,000 x g for 10
min, and the resulting sediments were suspended in a
modified Krebs-Ringer solution (KRT buffer; pH 7.4)
(10) to a final concentration of 2 x 1010 cells per ml, as

adjusted spectrophotometrically. The bacteria were

then kept chilled at 0 to 4°C until they were used,
usually on the same day or at most 1 day later. These
cultivation and handling procedures have been found
to be suitable for the expression of good amounts of
cell-associated hemagglutinins on both classical and El
Tor cholera vibrios and to minimize the production of
a soluble hemagglutinin(s) that may also be produced
in cultures of either classical or El Tor cholera vibrios
(3, 5; Svennerholm, Jonsson-Stromberg, and Holm-
gren, submitted for publication).

Erythrocytes. Human erythrocytes of blood groups
0, A, and B were used, along with bovine, chicken,
guinea pig, mouse, and sheep erythrocytes. The eryth-
rocytes were collected in sodium citrate and were

washed three times in KRT buffer before use in the
HA experiments.

Carbohydrates. The following sugars obtained from
Sigma Chemical Co., St. Louis, Mo., were used: D-

fructose-6-phosphate, L-(-)-fucOse, D-(+)-glucose, D-

glucose-6-phosphate, D-mannose-6-phosphate, a-

methyl-D-galactoside, and a-methyl-D-mannoside. In
addition, we also used L-(+)-arabinose, D-(+)-galac-

TABLE 1. Inhibition of classical and El Tor Vibrio
cholerae HA by L-fUCOse and D-mannose,

respectively
Biotype Serotype Strain HAa

Classical Ogawa 34b FS, MR
84b FS, MR
1451b FS, MR
19766C FS, MR

Inaba lb FS, MR
35b FS, MR
48b FS, MR
86b FS, MR
57b FS, MR
V63Pd FS, MR
1449b FS, MR
569Bb FS, MS

El Tor Ogawa 179%b MS, FR
1800b MS, FR
1824b MS, FR
1850b MS, FR
T20859d MS, FR
T19218 MS, FR
017SRe MS, FR

Inaba 1836b MS, FR
1843b MS, FR
T19479d MS, FR
T20567d MS, FR
Phil 6973f MS, FR

a HA by classical vibrios was examined with chick-
en erythrocytes, and HA by El Tor vibrios was
examined with human 0 erythrocytes; 1 mg of L-
fucose or D-mannose per ml was used for the HAI
tests. FS, Fucose sensitive; MR, Mannose resistant;
MS, mannose sensitive; FR, fucose resistant.

b From H. Smith, Philadelphia, Pa.
c From I. Huq, International Centre for Diarrheal

Disease Research, Dacca, Bangladesh.
d From S. C. Pal, Calcutta, India.
e From W. Chaicumpa, Bangkok, Thailand.
f From Statens Seruminstitut, Copenhagen, Den-

mark.

tose, D-(+)-mannose, and D-(-)-ribose from E. Merck
AG, Darmstadt, West Germany, methyl-cx-D-gluco-
pyranoside and N-acetylglucosamine from Fluka AG,
Buchs, Switzerland, D-fructose from Pfanstichl Labo-
ratories, Inc., Waukegan, Ill., lactose from May &
Baker Ltd., Dagenhem, England, and sucrose from
Fisher Scientific Co., Fairlawn, N.J.
Milk specimens. A pool of milk from Swedish moth-

ers was used. The fresh milk was centrifuged at 15,000
x g for 30 min, and the clear middle layer was
separated from fat and cells and frozen in portions at
- 30°C. For the lipid extraction experiments noncentri-
fuged pooled Swedish whole milk was used.

Fractionation of milk. (i) Ultrafiltration. The milk
was separated into a high-molecular-weight fraction
(fraction A [molecular weight, -10,000]) and two low-
molecular-weight fractions (fraction B [molecular
weight, 1,000 to 10,000] and fraction C [molecular
weight, <1,000]) by ultrafiltration through Diaflo
(Amicon Corp., Lexington, Mass.) membrane filters.
Fraction A was produced by passing the milk through
a type PM-10 membrane filter; the retentate was
diluted with 10 volumes of KRT buffer (pH 7.4) (10)
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TABLE 2. Inhibition of classical and El Tor V.
cholerae HA by different sugars

V. cholerae HA MIC
Sugar (mg/ml),

Classical El Tor

D-Ribose >25 NTb
L-Arabinose >25 >25
D-Glucose >25 0.08
D-Mannose >25 0.02
D-Galactose >25 25
D-Fructose 25 0.04
L-Fucose 0.012 >25
Sucrose >25 0.17
Lactose >25 25
D-Glucose phosphate 25 >25
D-Mannose phosphate >25 >25
D-fructose phosphate >25 25
a-Methyl-D-glucopyranoside >25 2.5
a-Methyl-D-mannoside >25 0.05
a-Methyl-D-galactoside NT >25
N-acetylglucosamine >25 5

a Two classical strains (strains 1449 and 1451) and
two El Tor strains (strains 1836 and T19479) were
tested with human 0 and chicken erythrocytes, re-
spectively. MIC, Minimal inhibitory concentration.

b NT, Not tested.

and refiltered through the membrane to wash out the
material with a molecular weight of less than 10,000.
The final retentate was concentrated 2.4-fold in rela-
tion to the applied milk. The material passing through
the type PM-10 membrane was similarly filtered
through a type UM-2 membrane filter, and the reten-
tate was diluted with 10 volumes of KRT buffer and
refiltered to eliminate material with a molecular weight
of <1,000. The retentate (fraction B) was concentrated
fivefold in relation to the applied milk, and fraction C,
which passed through the filter was not diluted. All
fractions were frozen in portions at - 30°C until they
were used.

(ii) Immunosorbent chromatography. Fraction A was
filtered through an immunosorbent column containing
anti-human immunoglobulin A oa-chain-specific anti-
body and anti-human total immunoglobulin (Dako-
patts, Copenhagen, Denmark) covalently coupled to
Sepharose (9). After passage several times through the
gel, nonbound material was washed out with KRT
buffer, and specifically bound material was eluted with
acid buffer (1 M acetate, 0.5 M NaCl, 0.5 M glycine,
pH 3.2) as previously described (9); after dialysis
against KRT buffer, the fractions were concentrated to
the volume of milk applied.

(iii) Preparation of casein-free milk. Whole milk and
fraction A were acidified with 0.1 M sodium acetate to
pH 4.5. After incubation at room temperature for 30
min and centrifugation at 10,000 x g for 20 min, the
resulting casein-free supernatants were neutralized
and analyzed for HAI activity.

(iv) Ammonium sulfate precipitation. Milk fractions
A and B were precipitated in the cold for 60 min with
ammonium sulfate added to 40 and 100o saturation,
respectively. The precipitates obtained by centrifuga-
tion at 10,000 x g for 2 min were dissolved in -50
volumes of KRT buffer and then concentrated to the

original volume on membrane filters as described
above. The procedure was repeated once. The same
dilution-concentration procedure was performed with
the supernatants containing saturated ammonium sul-
fate.

(v) Periodate treatment. Sodium periodate was add-
ed to either whole milk or fraction A to a final
concentration of 0.05 M. Then the sample was boiled
for 10 min, incubated at 37°C for another 24 h, and
kept at 4°C for 3 days. After centrifugation at 10,000 x
g for 2 min, the resulting supernatants were diluted
and concentrated several times with membrane filters
to decrease the periodate concentration to less than
0.0001 M.

(vi) Binding to concanavalin A. Fractions A and B
were applied in 1-ml volumes to columns containing
1.2 ml of concanavalin A-Sepharose (Pharmacia, Upp-
sala, Sweden). After three passages of the milk frac-
tion through the column, nonbound material was
washed out with 5 ml of Tris buffer (0.02 M Tris, 0.15
NaCl, 0.001 M CaCl2, 0.001 M MnCl2, pH 7.4).
Specifically bound material was then eluted with 5 ml
of 0.5 M a-methyl-D-glycopyranoside. The wash and
eluate fractions were concentrated to 1 ml by ultrafil-
tration through type PM-10 (fraction A) and type UM-
2 (fraction B) membranes, respectively. The eluate
fractions were then diluted 10-fold in water and refil-
tered to eliminate the eluant, a procedure which was
repeated four times. Since the capacity of the conca-
navalin A-Sepharose column was too low for fraction
B, 1 ml of this material was also chromatographed as
described above on a 10-fold-larger column.

(vii) Pronase digestion. Fraction A was subjected to
pronase digestion by adding pronase (Sigma) to a final
concentration of 2.3 mg/ml and incubating the mixture
at 37°C for % h. After boiling for 10 min to stop the
enzyme reaction, the mixture was centrifuged at 3,000
x g for 10 min. The supernatant was filtered through a
type PM-10 membrane, and the retentate and the
filtrate were analyzed for HA inhibitory activity.

(viii) Extraction of lipids and isolation of glycolipids.
Lipids were isolated from pooled human milk by
repeated extraction with 20 volumes of chloroform-
methanol-water (4:8:3, vol/vol) (16), and a delipidized
milk residue was collected as a sediment after centrifu-
gation at 1,000 x g for 10 min. The lipid extracts were
combined and separated into acidic and neutral lipids
by ion-exchange chromatography (18), and these lipids
were further purified by procedures described else-
where (8) to give one fraction containing acidic glyco-
lipids (gangliosides) and one fraction containing neu-
tral glycosphingolipids.
HA and HAI tests. Bacterial HA was studied after

adding 10-pl portions of a 3% erythrocyte suspension
to 10- l twofold serial dilutions of bacteria on micro-
scopic glass slides. The HA pattern was recorded after
the reactants were mixed at room temperature for 3
min. HA was graded as follows: no agglutination,
weak agglutination, or strong agglutination. The high-
est bacterial dilution giving strong agglutination was
defined as the HA titer. HAI tests were performed by
mixing 10-,ul portions of a bacterial preparation adjust-
ed to contain 2 HA titer doses with 10-,ul twofold serial
dilutions of the inhibitory substance and then, after 1
min, adding 10-,ul portions of an erythrocyte solution.
After the reactants were mixed for another 3 min, the
HA pattern was recorded; the highest dilution of the
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FIG. 1. Molecular weight distribution of HAI titers
in human milk for classical and El Tor V. cholerae.
The titers shown (mean ± standard error of the mean)
are those obtained after correction for the higher
concentration of fractions A and B compared with the
concentration in the whole milk sample. Fr. A., Frac-
tion A; Fr. B, fraction B; Fr. C, fraction C.

inhibitor giving no agglutination was determined. Each
inhibitor sample was tested at least twice on two
different occasions.

RESULTS

HA reactions by classical and El Tor V. chol-
erae. Two classical V. cholerae strains (1449
Inaba and 1451 Ogawa) and two El Tor strains
(1836 Inaba and 1824 Ogawa) were tested for the
ability to agglutinate various human and animal
erythrocytes. Both classical strains, irrespective
of serotype, gave strong HA with human 0, A,
and B erythrocytes, as well as with bovine,
guinea pig, mouse, and sheep erythrocytes, and
slightly weaker HA with chicken erythrocytes.
Titrations showed that 108 classical V. cholerae
cells per ml gave a HA reaction with human
erythrocytes, whereas 10 to 20 times more bac-
teria were needed for HA of the different animal
cells. In contrast, the two El Tor strains gave the
strongest HA reactions with chicken, guinea pig,
and mouse erythrocytes and weaker HA pat-

terns with human, bovine, and sheep cells. On
the basis of these results, human 0 erythrocytes
were routinely used for assaying HA by classical
V. cholerae and chicken erythrocytes were used
for assaying HA by El Tor vibrios.

L-Fucose and D-mannose have been reported
to inhibit HA reactions by V. cholerae (1, 11).
These and a series of other mono- and disaccha-
rides were tested for the ability to inhibit HA
reactions by two selected classical strains and
two El Tor strains. Only L-fucose gave inhibition
of HA by the classical strains, whereas HA by
the El Tor strains was inhibited by D-mannose,
D-fructose, a-methyl-D-mannoside, D-glucose,
and sucrose, but not by fucose (Table 2).
To determine whether these different inhibi-

tory activities of certain sugars related to the V.
cholerae biotype or serotype or both, 24 V.
cholerae strains representing equal numbers of
the classical and El Tor biotypes and represent-
ing both Inaba and Ogawa serotypes were tested
for their HA reactions with human and chicken
erythrocytes and for inihibition by L-fucose and
D-mannose, respectively. Irrespective of sero-
type, all 12 El Tor strains gave HA reactions
inhibited by mannose but not by fucose (Table
1). In contrast, all 12 classical V. cholerae
strains gave HA reactions that were inhibited by
fucose, and in all but one strain mannose gave
no inhibition; the exception was strain 569B
Inaba, which was inhibited by either fucose or
mannose (Table 1).
HAI inhibitory compounds in human milk. (i)

Fractionation according to molecular weight. A
500-ml pool of human milk was centrifuged at
15,000 x g for 30 min, which gave separation
into a particulate sediment, a clear middle layer,
and a fatty top layer. Titration experiments
showed that all of the HAI activity of the whole
milk both for classical V. cholerae tested with
human erythrocytes and for El Tor vibrios test-
ed with chicken erythrocytes was recovered in
the clear middle layer; hence, this fraction was
used for all further studies. The glass slide HAI
titers based on five experiments with this frac-
tion using 2 HA doses of classical and El Tor

TABLE 3. Separation of high-molecular-weight V.
cholerae HA inhibitory activity of milk into a non-
immunoglobulin fraction and an immunoglobulin
fraction by immunosorbent chromatography"

HAI titer
Fraction

Classical El Tor

Applied fraction A 32 32
Non-immunoglobulin fraction (wash) 16 16
Immunoglobulin fraction (eluate) <2 <2

aAffinity chromatography was on a Sepharose-anti-
human immunoglobulin column (see text).
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FIG. 2. Ammonium sulfate precipitabilities of HAl
activities of human milk fractions A and B for classical
V. cholerae. The HAI activity offraction A precipitat-
ed with 100%o saturated ammonium sulfate (SAS), but
the HAI activity of fraction B did not. Open bars,
Fraction A; cross-hatched bars, fraction B.

vibrios were 145 ± 18 and 64 ± 5 (mean
standard error of the mean), respectively. The
inhibitory concentrations of L-fucose for HA
caused by classical vibrios and D-mannose for El
Tor-mediated HA in the same experiments were
0.01 ± 0.002 and 0.01 ± 0.001 mg/ml, respective-
ly, and in no instance did 10 mg offucose per ml
inhibit the El Tor HA reaction or 10 mg of
mannose per ml inhibit the classical HA reac-
tion.
The middle layer fraction of milk was then

filtered through membranes with defined pore
sizes in order to characterize the HAI activity
for the two different V. cholerae biotypes with
regard to approximative molecular weight. For
classical V. cholerae, the HAI activity was
distributed about equally in fraction A (molecu-
lar weight, >10,000) and fraction B (molecular
weight, approximately 1,000 to 10,000), with
only about 5% of the activity in fraction C (Fig.
1). In contrast, about 80%o of the HAI activity
for the El Tor vibrios was found in fraction A,
less than 5% was in fraction B, and 15 to 20%
was in fraction C (Fig. 1); in fivefold-concentrat-
ed fraction B a HAI titer of 4 to 8 could be
demonstrated for El Tor vibrios (data not
shown).

(ii) Immunoglobulins. Milk contains about 1
mg of immunoglobulin per ml, mainly immuno-

globulin A (17). Even though the unchanged
HAI titers after boiling did not support any
major contribution of antibodies to the HAI
activity of the pool of milk from Swedish wom-
en, we wanted to assess the possible role of
immunoglobulin more directly (9). Therefore,
high-molecular-weight fraction A, which con-
tained all of the milk immunoglobulin (as as-
sayed by immunodiffusion tests), was separated
on an immunosorbent column to yield a non-
immunoglobulin fraction and an immunoglobulin
fraction, which were tested for HAI activity.
The results showed that no detectable HAI
activity was recovered in the immunoglobulin
fraction (Table 3).

(iii) Heat stability. The heat stabilities of whole
milk and separated fractions A through C were
tested by heating samples at 100°C for 15 min
and, after cooling, comparing the HAI titers
with those of concurrently tested unheated sam-
ples. In no instance did the heat treatment cause
any detectable decrease in the HAI titer.

(iv) Acid and salt precipitation. Caseins were
removed from whole milk and fraction A by
precipitation at pH 4.5, and the HAI activities of
the casein-depleted neutralized samples were
assayed. For both classical and El Tor vibrios
the HAI titers were the same as in untreated
samples, indicating that caseins were not re-
sponsible for the HAI effects (data not shown).
The precipitabilities of the HAI activities of

fractions A and B by ammonium sulfate were
also tested. At 40% ammonium sulfate satura-
tion, no HAI activity was precipitated in either
fraction. On the other hand, after precipitation
at 100% ammonium sulfate saturation none of
the HAI activity of fraction A remained in the
supernatant, whereas the HAI activity of frac-
tion B remained essentially unaffected (Fig. 2).
Results were similar for classical and El Tor
vibrios.

(v) Periodate sensitivity. The heat stability and
ammonium sulfate precipitation data suggested
that the main HAI activity of fraction A for both

TABLE 4. Binding of V. cholerae HA inhibitory
activities to a concanavalin A-Sepharose column

HAI titer
Fraction

Classical El Tor

Fraction A
Fraction A, twofold 64-128 32-64

concentrated
Unbound fraction 2-8 <2
Eluted fraction 2-8 8-64

Fraction B
Fraction B, fivefold 256 4-8

concentrated
Unbound fraction 64-128 <2-2
Eluted fraction <2 4-8

I
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TABLE 5. Effect of pronase digestion on high-
molecular-weight HA inhibitory activities in human

milk

HAI titer
Fraction

Classical El Tor

Fraction A 32 32
Fraction A, pronase digested 16 32
Retentate of pronase-digested <2 <2

fraction A on PM-10 membrane
Filtrate of pronase-digested 16 16

fraction A on PM-10 membrane

classical and El Tor V. cholerae was mediated
by a glycoconjugate(s) and that the HAI activity
of fraction B for classical V. cholerae was medi-
ated by an oligosaccharide(s). The assumption
that the milk components with HAI activity
contained sugars was tested by assaying the
sensitivity to periodate treatment. The results
showed that the heat-stable HAI activities of
whole milk and fractions A and B, against both
classical and El Tor V. cholerae were complete-
ly destroyed by periodate treatment.

(vi) Binding to concanavalin A-Sepharose. Con-
centrated fractions A and B were applied to a
concanavalin A-Sepharose column to determine
how much of the HAI activity bound to and later
could be eluted with sugar from the column.
Table 4 shows that the El Tor HAI activities,
both the strong activity in fraction A and the
much weaker activity in fraction B, could be
bound to and eluted from the lectin column
(Table 4). Also, the HAI activity for classical V.
cholerae in fraction A bound significantly to the
concanavalin A column and could also be par-
tially eluted from the concanavalin A-Sepha-
rose. This contrasted with the HAI activity of
fraction B for classical V. cholerae, which did
not show any significant binding to and elution
from the column (Table 4).

(vii) Glycoprotein or glycolipid high-molecular-
weight activity. We performed experiments to
examine whether the high-molecular-weight
HAI activities were due to glycolipids or glyco-
proteins or both. Whole milk was lipid extract-
ed, and acid glycolipids (gangliosides) and neu-
tral glycosphingolipids were isolated. None of
these glycolipid preparations had any detectable
HAI activity for either classical or El Tor V.
cholerae; on the other hand, the delipidized,
denatured milk residue retained HAI activity for
both types of vibrios (data not shown).
We then performed experiments to test the

effect of pronase on the high-molecular-weight
HAI activities in fraction A. The results showed
that pronase digestion in the presence or ab-
sence of urea did not destroy any HAI activity
for either classical or El Tor vibrios. However,

the treatment dramatically changed the molecu-
lar weight of both of these activities, such that
they completely passed through type PM-10
membranes (Table 5).
These results indicate that the HAI activities

in fraction A for both classical and El Tor V.
cholerae are of a glycoprotein nature rather than
a glycolipid nature.

DISCUSSION
This study was undertaken to characterize the

components in human milk that are responsible
for the recently observed, strong inhibitory ac-
tivity of milk for V. cholerae bacterial adherence
to erythrocytes (9).
The HA assay is a convenient assay of bacte-

rial attachment to erythrocytes, and there is
some evidence that the cell-bound hemaggluti-
nins on V. cholerae are indeed responsible for
adherence of cholera vibrios to intestinal epithe-
lium as well (2, 10). The nature of V. cholerae
hemagglutinins is still incompletely known.
Jones and Freter (11) found that L-fucose specif-
ically inhibited HA, as well as adherence to
intestinal epithelium by a V. cholerae strain,
whereas D-mannose-sensitive V. cholerae HA
has been described by other workers (1). A
soluble V. cholerae hemagglutinin has also been
described and purified (3; Svennerholm, Jons-
son-Stromberg, and Holmgren, submitted for
publication). Our data show that the cell-bound
fucose- and mannose-sensitive hemagglutinins
are closely associated with the V. cholerae bio-
type. A fucose-sensitive hemagglutinin which
preferentially adheres to human erythrocytes
was found on all classical strains tested, and a
mannose-sensitive hemagglutinin with prefer-
ence for chicken erythrocytes was found on all
El Tor strains; the El Tor hemagglutinin could
also be inhibited by D-fructose or D-glucose. The
different effects of monosaccharides probably
reflect the facts that L-fucose is a critical constit-
uent of the receptor for classical V. cholerae and
D-mannose is a component of the El Tor vibrio
receptor.
The serotype (Inaba or Ogawa) was apparent-

ly irrelevant as to which hemagglutinin was
expressed. The fact that L-fucose gave complete
HAI of classical strains and D-mannose gave
HAI of El Tor strains argues against the normal
presence of both hemagglutinins on the same
strain. Instead, these findings suggest either a
genetic or regulatory difference in hemagglutinin
expression, and studies are in progress to distin-
guish between these possibilities by testing mu-
tants of classical and El Tor bacteria lacking the
normal biotype-associated hemagglutinin. One
exceptional classical V. cholerae strain, strain
569B, did exhibit both fucose-sensitive HA and
mannose-sensitive HA. This suggests that this
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strain atypically expresses both hemagglutinins.
The results described in this paper support our

previous finding (9) that immunoglobulin plays
only a minor role in the inhibitory activity of
"normal" Swedish human milk observed for
both classical V. cholerae adhesion and El Tor
V. cholerae adhesion to erythrocytes; obvious-
ly, antibodies may play a much greater role in
milk from women in areas where cholera is
endemic (9). Instead, the main activity was
found to be heat stable and also to bind to
concanavalin A, properties consistent with a
glycomolecule. Molecular weight fractionation
separated the HAI activity against classical V.
cholerae into two approximately equal fractions,
one with a high molecular weight (>10,000) and
the other with a molecular weight of 1,000 to
10,000; the heat-stable activities of both frac-
tions were destroyed by periodate oxidation,
supporting their glycocompound nature. On the
other hand, about 80% of the HAI activity for El
Tor vibrios was found in the high-molecular-
weight fraction (fraction A) and 15 to 20%o was
found in the <1,000-dalton fraction (fraction C).

Otnaess and 0rstavik (15) recently found that
they could extract E. coli enterotoxin inhibitory
activity from milk with a chloroform-methanol
mixture, indicating that this activity was of a
glycolipid nature (GM1 ganglioside?). We did
not find evidence for any glycolipid-associated
inhibitory activity for V. cholerae erythrocyte
adhesion. Lipid extractions did not remove the
HAI activity, and both acid and neutral glycolip-
id preparations of milk lacked HAI activity for
either of the two V. cholerae biotypes. Instead,
we found that the high-molecular-weight HAI
activities for both classical and El Tor vibrios
resided on glycoproteins. Thus, saturated am-
monium sulfate completely precipitated all of
the high-molecular-weight HAI activity, and
pronase digestion of fractin A transferred all of
the high-molecular-weight HAI activity to a
smaller (<10,000-dalton) fraction, which is con-
sistent with degradation to a glycopeptide(s)
with retained HAI activity.
Human milk is a rich source of oligosaccha-

rides. Many of these oligosaccharides are fuco-
syl or fucosyl sialyl derivatives of either lactose
or lacto-N-tetraose (12). Hence, we assume that
one or more of these fucose-containing oligosac-
charides are responsible for the HAI activity of
fraction B observed for classical V. cholerae.
The low molecular weights of the components of
fraction B make it less likely that they are either
glycoproteins or glycolipids (which would form
larger micelles); furthermore, the inability of
ammonium sulfate to precipitate any HAI activi-
ty of this fraction does not support a glycopro-
tein-mediated effect, and, as mentioned above,
no HAI activity was found in glycolipid fractions

of milk. HAI activity for El Tor V. cholerae was
almost absent in fraction B, which is consistent
with the fact that to date no mannose-containing
oligosaccharides have been found in human milk
(12). Finally, the HAI activity of fraction C
(<1,000 daltons) for El Tor vibrios might repre-
sent free mannose.
Thus, our results support the hypothesis (9)

that the main inhibitory activity for bacterial cell
adhesion in nonimmune milk, as studied with
HA by V. cholerae, is due to glycocompounds,
which probably are structurally identical or
closely related to the cell-bound receptors for
the respective bacterial adhesins. These findings
may have potential biomedical importance in
several ways.

First, they suggest the possibility that isola-
tion and characterization of the inhibitory carbo-
hydrates from milk, and possibly from other
secretions as well, might be a useful approach to
the identification of the natural cell-bound re-
ceptors for classical and El Tor V. cholerae
strains. Alternatively, the receptor structure
might be deduced from determinations of the
adhesion inhibitory activity of isolated milk oli-
gosaccharides of known structures; this ap-
proach appears to be especially attractive for the
identification of the receptor structure for classi-
cal V. cholerae in view of the many known
fucosyl oligosaccharides from milk that are
available in pure form. This would be analogous
to the fact that most of our structural knowledge
about blood group antigens was first obtained
from studies of soluble antigens in secretions
rather than from studies of extracted cell-bound
antigens.

Second, our findings may have relevance in
relation to the host defense of newborn infants.
Enteric infections are especially frequent at the
time of weaning and in infants not receiving
human milk (14). Several studies have indicated
that breast milk protects against enteric infec-
tions (4, 6). Daily administration of human co-
lostrum or milk to non-breast-fed, hospitalized
infants has been reported to reduce markedly
the incidence and severity of diarrheal disease
among infants (13). This protective effect has
been ascribed mainly to the high content of
immunoglobulin, especially secretory immuno-
globulin A, in these secretions. Indeed, studies
in Bangladesh have suggested a protective role
for children of specific breast milk antibodies to
cholera antigens (R. Glass et al., submitted for
publication). However, our results suggest that
the receptor-like glycocompounds identified by
us also should be considered as candidate fac-
tors in milk that might contribute to protecting
newborn children against V. cholerae and other
enteric infections.

Third, if inhibitory receptor-like glycocom-
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pounds like those now identified in milk are also
present in saliva and gastrointestinal juice, they
could form the basis of a system contributing to
defense against mucosal infections. Studies are
in progress to test these various hypotheses.

ACKNOWLEDGMENTS
We gratefully acknowledge the contributions of Pam Fred-

man and Lars Svennerholm, Department of Neurochemistry,
University of Goteborg, Goteborg, Sweden, who kindly ex-
tracted and isolated glycolipids from milk and also gave
helpful advice. We also thank Lena Ekman and Gunhild
Jonson-Stromberg for skilled technical assistance in the work.

This study was supported by grant 16X-3382 from the
Swedish Medical Research Council and by grant 506B-601
from the National Defense Research Institute in Sweden.

LITERATURE CITED

1. Bhattacharjee, J. W., and B. S. Shrivastava. 1978. Man-
nose-sensitive hemagglutinins in adherence of Vibrio cho-
lerae El Tor to intestine. J. Gen. Microbiol. 107:407-410.

2. Chalcumpa, W., and N. Atthesishia. 1977. Study of intesti-
nal immunity against V. cholerae: role of antibody to V.
cholerae haemagglutinin in intestinal immunity. Southeast
Asian J. Trop Med. Public Health 8:13-18.

3. Finkelstein, R. A., and L. F. Hanne. 1982. Purification and
characterization of the soluble hemagglutinin (cholera
lectin) produced by Vibrio cholerae. Infect. Immun.
36:1199-1208.

4. Gerrard, J. W. 1974. Breast-feeding: second thoughts.
Pediatrics 54:757-764.

5. Hanne, L. F., and R. A. Flnkelstein. 1982. Characteriza-
tion and distribution of the hemagglutinins produced by
Vibrio cholerae. Infect. Immun. 36:209-214.

6. Hanson, L. A., and J. Winberg. 1972. Breast milk and
defence against infection in the newborn. Arch. Dis.
Child. 47:845-853.

7. Holmgren, J. 1981. Action of cholera toxin and the
prevention and treatment of cholera. Nature (London)
292:413-417.

8. Holmgren, J., P. Fredman, M. Lindlbad, A.-M. Svenner-
holm, and L. Svennerholm. 1982. Rabbit intestinal glyco-
protein receptor for Escherichia coli heat-labile enterotox-
in lacking affinity for cholera toxin. Infect. Immun.
38:424-433.

9. Holmgren, J., A.-M. Svennerholm, and C. Ahren. 1981.
Nonimmunoglobulin fraction of human milk inhibits bac-
terial adhesion (hemagglutination) and enterotoxin bind-
ing of Escherichia coli and Vibrio cholerae. Infect. Im-
mun. 33:136-141.

10. Jones, G. W., G. D. Abrams, and R. Freter. 1976. Adhe-
sive properties of Vibrio cholerae: adhesion to isolated
rabbit brush border membranes and hemagglutinating
activity. Infect. Immun. 14:232-239.

11. Jones, G. W., and R. Freter. 1976. Adhesive properties of
Vibrio cholerae: nature of the interaction with isolated
rabbit brush border membranes and human erythrocytes.
Infect. Immun. 14:240-245.

12. Kobata, A. 1977. Milk glycoprotein and oligosaccharides,
p. 423-440. In M. Horowitz and W. Pigman (ed.), The
glycoconjugates. Academic Press, Inc., New York.

13. Largula, A. M., J. Urman, J. M. Ceriani, A. O'Donnell,
0. Stoliar, J. C. Martinez, J. C. Buscaglia, S. Wells, A.
Qurroga, and M. Irazu. 1974. Immunidad local en el
recien nacido. Primera experiencia con la administraci6n
de calostro humano a recien nacidos pretermino. Arch.
Argent. Pediatr. 72:109-115.

14. Mata, L., R. A. Kronmal, and H. Villegas. 1980. Diarrheal
diseases: a leading world health problem, p. 1-14. In 0.
Ouchterlony and J. Holmgren (ed.), Cholera and related
diarrheas. S. Karger, Basel.

15. Otnaess, A.-B., and I. 0rstavik. 1981. Effect offractions of
Ethiopian and Norwegian colostrum on rotavirus and
Escherichia coli heat-labile enterotoxin. Infect. Immun.
33:459-463.

16. Svennerholm, L., and P. Fredman. 1980. A procedure for
the quantitation and isolation of brain gangliosides. Bio-
chim. Biophys. Acta 617:97-109.

17. Tomasi, T. B., and J. Bienenstock. 1968. Secretory immu-
noglobulins. Adv. Immunol. 9:1-96.

18. Wells, M. A., and J. C. Dittmer. 1963. The use of Sepha-
dex for the removal of nonlipid contaminants from lipid
extracts. Biochemistry 2:1259-1263.

INFECT. IMMUN.


