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Enterotoxigenic Escherichia coli (ETEC) of several different serotypes isolated
from adults with diarrhea and known to possess the colonization factor antigen
(CFA) were found to cause mannose-resistant hemagglutination (HA) of human
group A erythrocytes. CFA-negative E. coli isolated during the same study did
not possess the mannose-resistant hemagglutinin, although some non-ETEC,
CFA-negative isolates did exhibit mannose-sensitive HA activity. The mannose-
resistant hemagglutinin of ETEC was found to possess many characteristics
previously associated with CFA, which is a surface-associated fimbriate heat-
labile antigen, and the functionally and morphologically similar K88 and K99
antigens of animal-specific ETEC. Mannose-resistant HA and CFA titers were
maximal when ETEC cells were grown on an agar medium (CFA agar) composed
primarily of 1% Casamino Acids and 0.15% yeast extract, pH 7.4. Neither CFA
nor HA were produced at a growth temperature of 18°C; HA was completely
inhibited by pretreatment of CFA-positive cells with the anti-CFA serum. The
mannose-resistant hemagglutinin was lost spontaneously and simultaneously with
CFA when clinical ETEC isolates were passaged on artificial medium in the
laboratory, indicating plasmid control of both entities. The mannose-resistant
hemagglutinin of ETEC was shown to be thermolabile, i.e., sensitive to heating
at 65°C, as was the CFA. Also, there was correlation between possession of CFA,
as detected serologically and by demonstration of biological activity (adherence
in the infant rabbit small intestine), presence of CFA-type fimbriae, and the
ability of various E. coli isolates to cause mannose-resistant HA of human group
A erythrocytes. These results indicate that the mannose-resistant HA of ETEC

is another manifestation of CFA.

Enterotoxigenic Escherichia coli (ETEC)
were first recognized as causative agents of acute
diarrhea in domestic animals. Other investiga-
tors have since demonstrated that ETEC are
associated with acute diarrhea in man and that
ETEC account for a significant proportion of
diarrhea cases that were previously undifferen-
tiated with respect to infectious agents (5, 10,
16, 17, 31). This is particularly obvious in the
area of travelers’ diarrhea, or turista (6, 15, 23,
32). Both ETEC and recently described viral
agents account for much of the previously un-
diagnosed acute diarrhea in infants and young
children (2, 8, 17, 22, 29). ETEC isolates from
both man and animals produce either a heat-
stable or a heat-labile enterotoxin, or both, and
are thus very similar with respect to enterotox-
igenicity (7, 18, 31). With regard to serotype, or
O and H antigenicity, ETEC from man and
animals differ significantly in frequency of iso-

lation but are not mutually exclusive; i.e., few
serotypes have been isolated from both man and
animals (24, 25, 28, 31). The relationship be-
tween enterotoxigenicity and serotype in ETEC
is difficult to elucidate because enterotoxin pro-
duction is a plasmid-mediated character in E.
coli (19, 25, 33). However, ETEC do exhibit host
specificity as a natural consequence of the fact
that colonization of the small bowel plays an
essential role in the pathogenesis of ETEC diar-
rhea in both man and animals (9, 14, 21, 27, 33).
At least three different types of ETEC are cur-
rently recognized on the basis of surface-associ-
ated, fimbriate, heat-labile antigens, which ap-
parently confer host specificity. The K88 antigen
of swine-specific ETEC (21, 28), the K99 antigen
of cow and sheep-specific ETEC (27, 33), and
the colonization factor antigen (CFA) of human-
associated ETEC (9, 30) apparently require dif-
ferent receptors for attachment, or adherence,
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to intestinal epithelial cell surfaces. Neverthe-
less, K88, K99, and CFA antigens share a num-
ber of properties. Each is plasmid mediated and
hence can be lost spontaneously upon subculture
of clinical isolates in the laboratory (9, 26, 27,
33). Each has fimbriate morphology and can be
recognized as threadlike surface-associated
structures in electron photomicrographs (9, 20,
34; D. G. Evans, D. J. Evans, Jr., W. S. Tjoa,
and H. L. DuPont, submitted for publication).
An interesting and useful property of the K88
and K99 antigens is mannose-resistant hemag-
glutination (HA) of erythrocytes (1, 21, 34). This
property aids in the differentiation of these an-
tigens from the so-called common pili of E. coli,
which mediates HA that is mannose sensitive
(21, 34). The subject of the present report is
mannose-resistant HA by E. coli possessing
CFA.

MATERIALS AND METHODS

Bacterial strains, storage, and culture condi-
tions. E. coli strain H-10407 (O78:H11) is a well-
characterized isolate of ETEC originating in Bangla-
desh which we previously described as possessing the
fimbriate CFA (9). E. coli H-10407-P is the sponta-
neous derivative of strain H-10407, which no longer
possesses CFA. E. coli Tx-432-2CH (078:H12) is an
antibiotic-resistant enterotoxigenic isolate, from a pro-
longed nosocomial outbreak of infantile diarrhea,
which produces only heat-stable enterotoxin (30).
Strain Tx-119-2 is one of the few isolates of this
particular strain found to be lacking CFA. E. coli
isolates designated by the prefix PB were isolated
from the stool of adult volunteers participating in an
investigation of diarrhea, turista, in Mexico (6). Many
of these isolates were serotyped by Frits and Ida
@Drskov of the WHO International Escherichia Centre,
Copenhagen, Denmark. Assays for heat-stable and
heat-labile enterotoxin activities are described in de-
tail elsewhere (3, 6). Heat-labile enterotoxin was de-
termined by the Y-1 cultured adrenal tumor cell assay
of Donta et al. (4) and confirmed by the newly devel-
oped passive immune hemolysis technique (8). For
long-term storage, cultures were frozen in CYE me-
dium (13) plus 15% glycerol and kept at —65°C. For
routine maintenance, stock cultures were kept at room
temperature on 2% peptone-0.5% NaCl-2% agar
slants.

Improved agar medium for CFA production
by E. coli. Maximal production of CFA was obtained
by growing cultures on CFA agar. This medium was
prepared as a modification of CYE medium (13), which
was designed for maximal production of enterotoxin
by E. coli. CFA agar consists of 1% Casamino Acids
(Difco) and 0.15% yeast extract (Difco) plus 0.005%
MgSO, and 0.0005% MnCl, with 2% agar added. The
pH of this medium was not adjusted upward but was
used at approximately 7.4.

Preparation of CFA and anti-CFA serum. Spe-
cific anti-CFA antiserum was prepared using CFA
purified from E. coli H-10407 as antigen. CFA was
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purified by shearing the antigen from H-10407 cells
followed by differential ultrafiltration, isoelectric pre-
cipitation, and ultracentrifugation into sucrose, as de-
scribed in detail elsewhere (Evans et al., submitted
for publication). Rabbits were hyperimmunized with
CFA, which was observed by electron microscopy to
be a homogeneous preparation of fimbriate material
(Evans et al., submitted for publication).

Anti-CFA serum was also prepared by using E. coli
strain PB-40 formalinized cells as antigen and adsorb-
ing the anti-PB-40 serum exhaustively with heated
and then with living PB-40-P cells. This procedure
was carried out as previously described (9) for the
preparation of anti-CFA serum in which E. coli H-
10407 was used as antigen and H-10407-P was used
to adsorb the serum. The anti-(PB-40)-CFA adsorbed
serum agglutinated living but not heat-killed cells of
E. coli PB-40.

Bacterial agglutination with anti-CFA serum.
E. coli isolates were tested for CFA by bacterial agglu-
tination with the anti-CFA serum, using the microtiter
technique. Bacterial cells were harvested with 0.1 M
phosphate-buffered saline (PBS; pH 7.2) from cultures
grown on either 2% peptone-0.5% NaCl-2% agar or
the CFA agar for 18 h at 37°C. The cell suspensions
were adjusted to an optical density of approximately
2.0 at 640 nm with PBS. Serial twofold dilutions of
the anti-CFA serum were prepared in U-well microti-
ter plates (Linbro Scientific Co., Hamden, Conn.) with
PBS plus 0.02% bovine serum albumin as diluent. An
equal volume (0.025 ml) of cell suspension was then
placed in each well, and the plate was sealed and
incubated for 60 min at 37°C. Bacterial agglutination
was determined visually, using cells plus diluent alone
as controls. The agglutination titer was the reciprocal
of the highest dilution of anti-CFA serum producing
agglutination. Cells that had been heated at either
100°C for 2 h or at 65°C for 1 h also served as controls.

Tests for HA by E. coli cells. Blood was drawn
from volunteer donors and placed into a tube contain-
ing 1.0 ml of 3.8% citric acid, in distilled water, per
9.0 ml of blood. Blood was diluted 1:4 with PBS to
test for HA and 1:4 with 1% mannose prepared in
PBS to test for mannose-resistant HA. A rapid, semi-
quantitative test for agglutination was performed by
the slide technique, in which 1 drop of blood (0.025
ml) was placed on a glass microscope slide and 1 drop
(0.025 ml) of bacterial cell suspension was then added
and mixed. Screening of bacterial colonies for man-
nose-resistant HA was performed by resuspending the
bacteria cells in 0.025 ml of group A blood plus man-
nose, using a sterile toothpick. The degree of HA was
recorded as follows. A 4+ reaction was instantaneous
and complete HA involving all visible erythrocytes.
Slower or less complete HA was graded 3+, 2+, or
1+, usually indicating a mixed CFA*/CFA™ population
of cells.

Serial dilutions of agar-grown cells were prepared
and tested as above for quantitating HA. The number
of cells in the suspension was determined by the plate-
count technique and HA activity was then defined in
HA units. One HA unit is defined as the reciprocal of
the smallest number of bacterial cells producing HA
times a factor of 10% for example, if the smallest
number of cells that produced HA was 10% the sus-
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pension contained 0.10 HA unit of bacteria. It should
be noted that HA units do not imply more or less
hemagglutinating activity per cell, although this is
possible, but rather an expression of the relative num-
ber of bacteria in the population that are capable of
participating in the HA reaction.

HA inhibition by pretreatment of E. coli cells with
anti-CFA serum was determined as follows. Serial
twofold dilutions of the anti-CFA serum were pre-
pared in tubes with PBS plus bovine serum albumin
(0.02%), and an equal volume of cell suspension (2
HA units) was added to each tube. After 1 h at 37°C,
equal volumes of pretreated bacteria and human group
A erythrocytes in mannose were mixed to test for HA.
The HA inhibition titer was the reciprocal of the
highest dilution of serum that completely blocked the
HA reaction.

Assay for adherence of E. coli in the infant
rabbit model. Intestinal adherence of E. coli was
determined by the indirect immunofluorescence tech-
nique as follows. Three-day-old rabbits were obtained
and fasted for 24 h before administration of the bac-
teria. Two milliliters of a 4-h brain heart infusion
broth (Difco) culture of E. coli, undiluted, was admin-
istered directly into the intestinal lumen as previously
described (9; Evans et al., submitted for publication).
The animals were sacrificed 3 h postadministration.
The small intestine of each was divided into four
segments of approximately equal length, and small
samples of each segment were rapidly frozen in liquid
nitrogen. From these were prepared thin (5- to 8-um)
cross-sections, using an IEC cryostat microtome. Sec-
tions were fixed in acetone, air dried, washed in PBS,
and exposed first to antibody against the appropriate
E. coli somatic antigen and then to goat anti-rabbit
gamma globulin (globulin fraction; Cappel Laborato-
ries, Inc., Downingtown, Pa.) conjugated with fluores-
cein isothiocyanate. The goat antiserum was adsorbed
with an acetone-dried powder of rabbit muscle to
reduce nonspecific fluorescence. Antibody-treated sec-
tions were mounted in glycerol-PBS (3:1) and ob-
served by fluorescence microscopy.

RESULTS

Mannose-resistant HA of human eryth-
rocytes by E. coli possessing CFA. One of
the distinguishing characteristics of the K88 an-
tigen of swine-specific E. coli is that these fim-
briate structures mediate mannose-resistant HA
of guinea pig erythrocytes (21, 34). This has
provided a convenient laboratory tool for differ-
entiating K88 fimbriae from the so-called com-
mon pili, which are morphologically similar to
K88 but mediate mannose-sensitive HA (21).
We found that CFA-positive ETEC such as the
prototype strain H-10407 exhibited mannose-re-
sistant HA of guinea pig erythrocytes but in an
inconsistent fashion, depending, for the most
part, on individual animals, and rarely to the
extent of K88-positive E. coli controls. In the
search for a suitable type of blood to perform
HA tests for CFA, we found that human eryth-
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rocytes sometimes exhibited a strong mannose-
resistant HA reaction when mixed with CFA-
positive E. coli. Subsequently, this variation was
found to be dependent on the blood type of the
donor. As shown by the representative results
listed in Table 1, group A blood cells consistently
hemagglutinated with CFA-positive E. coli cells.
Although not listed in Table 1, it was observed
that non-enterotoxigenic clinical isolates, which
were negative for CFA, cometimes exhibited
mannose-sensitive HA.

In searching for a convenient culture medium
for the detection of CFA on E. coli isolates, it
was found that 2% peptone-0.5% NaCl-2% agar
was considerably more effective for CFA detec-
tion than either MacConkey or tergitol agar
medium (Evans et al., submitted for publica-
tion). However, maximum CFA titers have been
obtained with an agar medium prepared by in-
corporating 2% agar into a modification of the
CYE liquid medium, which we previously de-
scribed for maximum yields of enterotoxin (13).
Table 2 shows the results obtained with two
CFA-positive strains of E. coli, H-10407 and PB-
40. These data show a direct correlation between
the presence of CFA as determined serologically
and mannose-resistant HA activity with human
group A erythrocytes.

Although mannose-resistant HA can be dem-
onstrated by the simple slide agglutination
method, it was sometimes desirable to obtain a
more quantitative expression of HA. This was
accomplished by expressing HA in units defined
as the reciprocal of the smallest number of bac-
terial cells producing HA times a factor of 10°.

TABLE 1. Mannose-resistant agglutination of
human erythrocytes by CFA-positive E. coli and
comparison of human blood groups A, B, and O

Degree of HA® with human
E. coli strain — 7bl;ood7 e
Type A TypeB Type O
PB-455 1+ - -
PB-312 3+ - 3+
PB-379 2+ 1+ 2+
PB-40 4+ - 2+
PB-66 3+ - 3+
PB-182 3+ 1+ 3+
PB-60 4+ - 2+
PB-200 4+ 1+ 2+
PB-418 4+ - 2+
PB-426 4+ 1+ 1+
TX-432-2CH 4+ 1+ 2+

2 All tests were performed with and without man-
nose with no difference in results. All cultures were
grown on 2% peptone-0.5% NaCl-2% agar, and cell
suspensions were adjusted to the same density (4+ =
maximum HA).
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TABLE 2. Effect of culture medium on the detection
of CFA of E. coli and on mannose-resistant HA of
human group A erythrocytes

E. coli H-10407 E. coli PB-40
Aggluti- Aggluti-
Cult.ure nafigon ti- nafigoln ti-
medium . HA . HA
ter with . ter with s
anti-CFA YT  gpti.cFA UMt
serum serum
MacConkey <1:2 0.002 <1:2 0.002
agar
Tergitol agar 1:16 0.008 1:2 0.003
2% Peptone 1:128 0.017 1:128 0.017
agar
CFA agar 1:512  0.666 1:512 0476

This derives from the observation that approxi-
mately 10° E. coli H-10407 cells grown on CFA
agar agglutinate human type A erythrocytes.
For example, in Table 2 it can be seen that 6.0
X 10° H-10407 cells grown on the peptone-based
agar medium produced approximately the same
degree of HA as 1.5 X 10° cells grown on the
CYE-based agar medium, and therefore the pep-
tone-grown cells demonstrate 0.017 HA unit as
compared to 0.666 HA unit of activity with the
CYE-grown cells.

For CYE-agar grown cells the following rela-
tionship is apparent. Cultures that produced a
4+ reaction by the slide HA technique exhibited
a 1:256 or greater titer when used as antigen to
titrate the anti-CFA serum and required no more
than approximately 10° cells to produce the HA
reaction (i.e., HA units of 0.100 or greater). Cul-
tures that produced a 2+ or 3+ (moderate to
weak) HA reaction by the slide technique ex-
hibited titers of 1:128 or less with anti-CFA
serum and require greater than 10° cells to pro-
duce the HA reaction (i.e., HA units generally
less than 0.100). With type A human erythro-
cytes an HA reaction of less than 4+ by CYE-
agar grown cells usually indicates a mixed
(CFA*/ CFA") culture, as discussed below.

Effect of low incubation temperature on
the production of CFA and hemagglutinin
by E. coli. We recently reported that CFA, like
the K88 and K99 antigens of animal-specific
ETEC, is not detectable on E. coli cells grown
at 18°C (1, 27, 28). This provided an opportunity
to test for a correlation between production of
CFA, using specific antiserum, and production
of the mannose-resistant hemagglutinin. Six
CFA-positive strains of E. coli were grown on
the CFA agar at 37 and 18°C, respectively, with
the result that none of these strains possessed
HA activity or detectable CFA when grown at
the lower temperature (Table 3). This is a strong
indication that the mannose-resistant hemagglu-
tinin is a function of the surface-associated CFA.
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Thermolability of mannose-resistant he-
magglutinin of CFA-positive E. coli. We re-
ported recently that the CFA of E. coli is ther-
molabile, i.e., destroyed by heating the cells for
1 h at 65°C (Evans et al., submitted for publi-
cation). The data in Table 4 show that mannose-
resistant HA of CFA-positive E. coli is also
abolished by heat treatment at 65°C. Various
isolates demonstrated the same pattern of ther-
molability as a function of time. This pattern
was similar to that previously observed when
specific antiserum was used to detect the CFA.

Spontaneous loss of CFA and mannose-
resistant hemagglutinin. Production of colo-
nization factors by ETEC is controlled by spe-
cific plasmids, which are spontaneously lost by
many clinical isolates upon subculture in the
laboratory (19, 25, 26, 33). Although loss of CFA
production by E. coli is a disadvantage in many
respects, such as a major source of variability
of CFA assay results, the phenomenon provides
a useful tool for investigating biological proper-
ties that relate to the possession or loss of CFA.
For example, Table 5 lists the results of an
investigation testing the idea that if mannose-
resistant HA is a function of CFA, both mani-
festations, reactivity with anti-CFA serum and
HA, should be lost simultaneously. The data
show that laboratory stock cultures of E. coli
H-10407 and four other isolates, from Mexico,
contained a mixed population of CFA-positive
and -negative bacteria, in varying proportions.
Note that the CFA-positive isolates from these
cultures exhibited both higher titers with the
anti-CFA serum and higher units of HA activity.
All of the CFA-negative isolates from these cul-
tures failed to exhibit mannose-resistant HA.
Thus, the CFA and hemagglutinin were spon-

TABLE 3. Effect of low incubation temperature on
the detection of CFA of E. coli and on HA of human

type A erythrocytes
Cells grown at 18°C*  Cells grown at 37°C -
E. coli Agglutina- Agglutina-
strain tion titer tion titer HA
with anti- with anti
CFA serum CFA serum
H-10407 <1:2 - 1:512 4+
PB-202 <1:2 - 1:256 4+
PB-143 <1:2 - 1:256 4+
PB-418 <1:2 - 1:512 4+
PB-200 <l1:2 - 1:256 4+
PB-60 <1:2 - 1:512 4+

@ All cultures were grown on CFA agar slants; 18°C cultures
were grown for 72 h; 37°C cultures were grown for 24 h (4+
= maximum HA). For titration, cell concentrations were ad-
justed as described in the text and the footnote to Table 6,
although suitable yields of cells were obtained at 18°C with
the extended incubation time.
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TABLE 4. Thermolability of mannose-resistant hemagglutinin of CFA-positive E. coli

HA of human group A erythrbcytes after heating cells at 65°C for (min):

. . HA units of CFA
E. coli strain
agar culture 0 10 2 30 © 50 60
H-10407 0.666 4+ 4+ 2+ 1+ - - -
PB-40 0.500 4+ 4+ 2+ 2+ 1+ - -
PB-200 0.400 4+ 4+ 2+ 1+ - - -
PB-379 0.175 3+ 3+ 2+ 1+ - - -

TABLE 5. Simultaneous loss of CFA and mannose-
resistant HA by CFA-positive E. coli isolates
spontaneously converting to CFA-negative

derivatives
Agglutina-
, . tion titer HA
E. coli strain with anti- units
CFA serum

PB-60 whole culture 1:64 0.015
PB-60 isolate 1:512 0.417
PB-60-P isolates <1:2 0.000
PB-200 whole culture 1:64 0.001
PB-200 isolate 1:512 0.588
PB-200-P isolates <1:2 0.000
PB-66 whole culture 1:16 0.001
PB-66 isolate 1:256 0.100
PB-66-P isolates <1:2 0.000
PB-379 whole culture 1:16 0.010
PB-379 isolate 1:512 1.000
PB-379-P isolates <1:2 0.000
H-10407 whole culture 1:256 0.625
H-10407 isolate 1:512 1.000
H-10407-P isolates <l1:2 0.000

taneously lost and simultaneously recovered by
isolating single clones.

Inhibition of mannose-resistant HA of E.
coli with anti-CFA serum. It was further hy-
pothesized that if the fimbriate CFA is identical
to the mannose-resistant hemagglutinin, anti-
CFA antibody should inhibit HA of CFA-posi-
tive E. coli cells. This was tested with several
strains of E. coli by pre-exposing the bacterial
cells to anti-CFA serum prepared as twofold
dilutions before adding human group A eryth-
rocytes and mannose. The anti-CFA serum in-
hibited, with high titers, the HA activity (Table
6). The correlation between agglutination titers
with the anti-CFA serum and the HA inhibition
activity of the same serum suggests that the
CFA is the mannose-resistant hemagglutinin.

Further evidence for the serotype-inde-
pendent nature of CFA. We report elsewhere
(Evans et al., submitted for publication) that
possession of CFA by ETEC is independent of
E. coli serotype. This was concluded from the
observation that isolates of several different se-
rotypes agglutinate with antiserum prepared

TABLE 6. Inhibition of HA of E. coli by anti-CFA

serum
Agglutination ti- Titer of HA-in-

E. coli strain ter with anti-CFA hibition of anti-

serum CFA serum*
H-10407 1:1,024 1:512
H-10407-P <1:2
PB-40 1:512 1:512
PB-40-P <1:2
PB-200 1:1,024 1:1,024
PB-200-P <1:2

2In all cases HA was performed with human type
A erythrocytes in the presence of mannose, using
approximately 2.0 HA units of bacteria. Bacteria were
mixed with equal volumes of twofold dilutions of anti-
CFA serum and incubated for 1 h at 37°C before
testing for HA.

with purified E. coli H-10407 CFA as antigen.
All of the serologically CFA-positive E. coli
tested possessed fimbriae like strain H-10407
and were shown to possess colonization factor
activity in the infant rabbit small intestine (Ev-
ans et al., submitted for publication). This study
has been carried further by preparing CFA-spe-
cific antiserum, using a CFA-positive ETEC
strain of serotype 020:H™ as antigen. Animals
were immunized with living cells of this strain,
PB-40, and the resultant immune serum ad-
sorbed exhaustively with both heat-killed and
living cells of strain PB-40-P, a spontaneous
CFA-negative derivative of PB-40. The data in
Table 7 show that this anti-CFA serum, like
that prepared with strains H-10407 and H-10407-
P, agglutinates E. coli of serotypes O78:H11 and
025:H42 as well as the homologous serotype
020:H~. Also, the nonfimbriate and mannose-
resistant HA negative spontaneous derivatives
of all of these isolates fail to agglutinate with
either CFA-specific serum. This further con-
firms the observation that CFA is independent
of E. coli O and H antigenicity.

Correlation between mannose-resistant
HA and colonization activity in infant rab-
bits. Table 8 summarizes the data obtained by
assaying various CFA-positive, HA-positive
strains and CFA-negative, HA-negative strains
of E. coli for adherence in the infant rabbit
small intestine. This shows that the property of
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mannose-resistant HA correlates with the bio-
logical activity associated with possession of
CFA, i.e., the ability to colonize the infant rabbit
small intestine. The relationship between CFA,
detected serologically, adherence in the infant
rabbit, and the presence or absence of fimbriae
on ETEC, mostly the same strains used in the
present work, has been described elsewhere (9;
Evans et al.,, submitted for publication).

DISCUSSION

HA can be looked upon as an in vitro model
for adhesiveness associated with pili or fimbriae
of E. coli. With the results reported here, we
can now state more specifically that mannose-
resistant HA is an in vitro model for adhesive-
ness of ETEC. Interestingly, K88, K99, and CFA
demonstrate specificity as hemagglutinins, ap-
parently reflecting the fact that each of these
antigens demonstrates host specificity in adher-
ing to intestinal epithelial cells. E. coli possess-
ing the K88 antigen readily attach to intestinal
epithelial cells of pigs and exhibit mannose-re-
sistant HA of guinea pig erythrocytes (21, 34).
E. coli possessing the K99 antigen, which me-
diates attachment to intestinal epithelial cells
of calves, exhibits mannose-resistant HA of
sheep erythrocytes (1). As reported here, ETEC
isolated from cases of acute diarrhea in man
and shown to possess CFA exhibit strong man-
nose-resistant HA of human group A erythro-
cytes. These results indicate that mannose-re-
sistant HA by CFA of ETEC is probably more
than coincidental and that this phenomenon
may eventually lead to an understanding of the

TABLE 7. Demonstration of serotype-independent
bacterial agglutination with anti-CFA serum
prepared by the adsorption method from an
enterotoxigenic CFA-positive E. coli, serotype

020:H-
Agglutination titer with anti-
CFA serum prepared against
E. coli Serot CFA of E. coli:
strain ype
H-10407 PB-40
(078:H11) (020:H")
H-10407 078:H11 1:512 1:1,024
H-10407-P <1:2 <1:2
PB-40 020:H" 1:512 1:1,024
PB-40-P <1:2 <1:2
PB-200 020:H" 1:512 1:1,024
PB-200-P <1:2 <1:2
PB-143 025:H? 1:512 1:1,024
PB-143-P <1:2 <1:2
PB-434 025:H42 1:512 1:1,024
PB-434-P <1:2 <1:2
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TABLE 8. Correlation between possession of CFA,
mannose-resistant HA, and CFA activity in infant
rabbit intestine

Agglutina- Adher-

. . tion titer with HA ac- ence in

E.colistrain /i CFAse- tivity infant

rum rabbit”
PB-312 1:128 3+ +
PB-379 1:128 2+ +
PB-40 1:512 4+ +
PB-200 1:256 4+ +
PB-202 1:256 4+ +
PB-64-P <1:2 - -
PB-258-P <1:2 - -
Tx-432-2CH 1:512 4+ +
Tx-199-2 <1:2 - -
H-10407 1:512 4+ +
H-10407-P <1:2 - -

2 Adherence in upper small intestine of the infant
rabbit was demonstrated by the indirect immunoflu-
orescence technique (Evans et al., submitted for pub-
lication).

13
k4

biochemical basis of epithelial cell attachment
by ETEC with fimbriate antigens. For example,
type A erythrocytes from approximately a dozen
different individual donors have been used in
this and other work in our laboratory with no
detectable differences in results. This consist-
ency suggests that surface moieties relating to
the ABO typing system are involved in the HA
reaction with the H-10407-type CFA fimbriae.
However, so-called minor human erythrocyte
antigens have not as yet been determined for
the donors used in the work reported here, so
that the biochemical basis for the apparent spec-
ificity of the HA reaction remains speculative.
The fact that human erythrocytes are well de-
fined antigenically should aid in determining the
biochemistry of the adhesiveness of the H-
10407-type CFA fimbriae.

The evidence that the CFA of human-associ-
ated ETEC is responsible for mannose-resistant
HA of human group A erythrocytes can be sum-
marized as follows. The hemagglutinin described
here was found to possess all of the properties
previously ascribed to CFA (9; Evans et al,
submitted for publication), i.e., a parallel effect
with respect to growth medium composition,
failure of production at 18°C, thermolability,
spontaneous loss by clinical isolates of ETEC,
serotype independence, and a correlation with
the presence of fimbriae and the biological activ-
ity defined as colonization in the infant rabbit
model. Although not detailed here, it may also
be added that since characterization of the man-
nose-resistant hemagglutinin numerous ETEC
isolates have been screened for this activity, and
with E. coli isolates from adults with turista
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diarrhea there has been complete agreement
between the hemagglutinin and possession of
CFA as detected serologically. Also, mannose-
resistant HA is abolished by pretreatment of
the isolates with anti-CFA serum. Nevertheless,
some of the pitfalls of using mannose-resistant
HA as a diagnostic tool should be pointed out.
The most obvious problem is loss of CFA by
laboratory-passed cultures; as a general rule,
several single-colony isolates should be tested if
the culture does not represent a fresh isolate.
Also, optimal HA can be obtained by subcultur-
ing on the CFA agar described in this report,
although activity is also detectable when the
cultures are grown on 2% peptone-0.5% NaCl-2%
agar. Ordinary agar media such as MacConkey
or tergitol cannot be used for this purpose.

That CFA is a mannose-resistant hemagglu-
tinin is indeed fortuitous, since this provides a
simple technique for the rapid screening of nu-
merous E. coli isolates for CFA and, most im-
portantly, a technique that is both economical
and immediately available. We are currently
investigating various approaches to detecting
and quantitating anti-CFA antibody in human
sera with the expectation that information about
the humoral response of CFA will be very useful
in further defining the role of CFA in virulence
of ETEC in man. There are yet many questions
to be answered before enteropathogenicity can
be fully defined with respect to enterotoxige-
nicity, intestinal colonizing activity, and viru-
lence in E. coli. Our experience indicates that
this will be particularly complicated in the case
of the more susceptible, or less resistant, infant
or young child, since we must deal with the
question of colonization by E. coli that do not
produce enterotoxin. There is also the possibility
that some strains of CFA-positive E. coli may
produce enterotoxin activities other than those
currently identifiable. Also, it may be expected
that intestinal colonization alone would be more
likely to cause overt illness in an infant than in
a mature, healthy adult. Assuming changes in
the nature of the intestinal substrate with age,
one might predict the existence of CFA-type
virulence factors that confer enteropathogenic-
ity for infants but not for adults. Thus we con-
tinue to explore the possibility that non-H-
10407-type colonization factors may exist on
clinical E. coli isolates from infants and young
children.

Another area that deserves further investiga-
tion is the genetics of CFA production in E.
coli, particularly in relation to E. coli serotype
and enterotoxigenicity. With ETEC isolated
from adults with diarrhea we apparently have
strains of E. coli in which ent and CFA plasmids
cohabit. This phenomenon in itself raises many
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interesting questions, particularly in view of the
observation that both enterotoxin and CFA pro-
duction are unstable characteristics in the ma-
jority of clinical isolates. We report elsewhere
(manuscript in preparation) on the instability
of CFA production in ETEC isolates from adults
in relation to patterns of loss of enterotoxigen-
icity and serotype, which we recently described
(12).

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service
grants Al-13385 and AI-12699 from the National Institute of
Allergy and Infectious Diseases.

We acknowledge S. M. Hamilton and D. Johnson for tech-
nical assistance and K. Boyle and L. Addison for typing this
manuscript.

LITERATURE CITED

1. Burrows, M. R., R. Sellwood, and R. A. Gibbons.
1976. Haemagglutinating and adhesive properties asso-
ciated with the K99 antigen of bovine strains of Esch-
erichia coli. J. Gen. Microbiol. 96:269-275.

2. Cameron, D. J. S, R. F. Bishop, G. P. Davidson, R.
R. W. Townley, 1. H. Holmes, and B. J. Ruck. 1976.
New virus associated with diarrhoea in neonates. Med.
J. Aust. 1:85-86.

3. Dean, A. G., C. Yi-Chuan, G. Williams, and B. Bar-
den. 1972. Test for Escherichia coli enterotoxin using
infant mice: application in a study of diarrhoea in chil-
dren in Honolulu. J. Infect. Dis. 125:407-411.

4. Donta, S. T., H. W. Moon, and S. C. Whipp. 1974.
Detection of heat-labile Escherichia coli enterotoxin
with the use of adrenal cells in tissue culture. Science
183:334-336.

5. DuPont, H. L., S. B. Formal, R. B. Hornick, M. J.
Snyder, J. P. Libonati, D. G. Sheahan, E. H. La-
Brec, and J. P. Kalas. 1971. Pathogenesis of Esche-
richia coli diarrhea. N. Engl. J. Med. 285:1-9.

6. DuPont, H. L., J. Olarte, D. G. Evans, L. K. Pickering,
E. Galindo, and D. J. Evans, Jr. 1976. Comparative
susceptibility of Latin American and United States
students to enteric pathogens. N. Engl. J. Med.
295:1520-1521.

7. Evans, D. G., D. J. Evans, Jr., and N. F. Pierce. 1973.
Differences in the response of rabbit small intestine to
heat-labile and heat-stable enterotoxins of Escherichia
coli. Infect. Immun. 7:873-880.

8. Evans, D. G,, J. Olarte, H. L. DuPont, D. J. Evans,
Jr., E. Galindo, B. L. Portnoy, and R. H. Conklin.
1977. Enteropathogens associated with pediatric diar-
rhea in Mexico City. J. Pediatr. 9:65-68.

9. Evans, D. G., R. P. Silver, D. J. Evans, Jr., D. G.
Chase, and S. L. Gorbach. 1975. Plasmid-controlled
colonization factor associated with virulence in Esche-
richia coli enterotoxigenic for humans. Infect. Immun.
12:656-667.

10. Evans, D. J., Jr., and D. G. Evans. 1973. Three char-
acteristics associated with enterotoxigenic Escherichia
coli isolated from man. Infect. Immun. 8:322-328.

11. Evans, D. J., Jr., and D. G. Evans. 1977. Direct sero-
logical assay for the heat-labile enterotoxin of Esche-
richia coli, using passive immune hemolysis. Infect.
Immun. 16:604-609.

12. Evans, D. J., Jr,, D. G. Evans, H. L. DuPont, F.
Orskov, and 1. Orskov. 1977. Patterns of loss of
enterotoxigenicity by Escherichia coli isolated from
adults with diarrhea: suggestive evidence for an inter-
relationship with serotype. Infect. Immun. 17:105-111.

13. Evans, D. J., Jr., D. G. Evans, and S. L. Gorbach.



VoL. 18, 1977

14.

15.

16.

17.

18.

19.

21.

25.

1973. Production of vascular permeability factor by
enterotoxigenic Escherichia coli isolated from man.
Infect. Immun. 8:725-730.

Gorbach, S. L., J. G. Banwell, B. D. Chatterjee, B.
Jacobs, and R. B. Sack. 1971. Acute undifferentiated
human diarrhea in the tropics. I. Alterations in the
intestinal microflora. J. Clin. Invest. 50:881-889.

Gorbach, S. L., B. H. Kean, D. G. Evans, D. J. Evans,
Jr., and D. Bessudo. 1975. Travelers’ diarrhea and
toxigenic Escherichia coli.N.Engl.J. Med. 292:933-936.

Gorbach, S. L., and C. M. Khurana. 1972. Toxigenic
Escherichia coli: a cause of infantile diarrhea in Chi-
cago. N. Engl. J. Med. 287:791-795.

Guerrant, R. L., R. A. Moore, P. M. Kirchenfeld, and
M. A. Sande. 1975. Role of toxigenic and invasive
bacteria in acute diarrhea of childhood. N. Engl. J.
Med. 293:567-573.

Gyles, C. L. 1971. Discussion: heat-labile and heat-stable
forms of the enterotoxin from E. coli strains entero-
pathogenic for pigs. Ann. N.Y. Acad. Sci. 176:314-322.

Gyles, C., M. So., and S. Falkow. 1974. The enterotoxin
plasmids of Escherichia coli. J. Infect. Dis. 130:40-49.

Isaacson, R. E. 1977. K99 surface antigen of Escherichia
coli: purification and partial characterization. Infect.
Immun. 15§:272-279.

Jones, G. W., and J. M. Rutter. 1972. Role of the K88
antigen in the pathogenesis of tal diarrhea c d
by Escherichia coli in piglets. Infect. Immun. 6:918-927.

. Kapikian, A. Z., H. W. Kim, R. G. Wyatt, W. L. Cline,

dJ. 0. Arrobio, C. D. Brandt, W. J. Rodriguez, D.
A. Sack, R. M. Chanock, and R. H. Parrott. 1976.
Human reovirus-like agent as the major pathogen as-
sociated with “winter” gastroenteritis in hospitalized
infantsand young children. N. Engl. J. Med. 294:965-972.

. Merson, M. H., G. K. Morris, D. A. Sack, J. G. Wells,

J. C. Feeley, R. B. Sack, W. B. Creech, A. Z. Kapi-
kian, and E. J. Gangarosa. 1976. Travelers’ diarrhea
in Mexico. A prospective study of physicians and family
members attending a congress. N. Engl. J. Med.
294:1299-1305.

Myers, L. L., and P. A. M. Guinee. 1976. Occurrence
and characteristics of enterotoxigenic Escherichia coli
isolated from calves with diarrhea. Infect. Immun.
13:1117-1119.

Orskov, F., 1. Orskov, D. J. Evans, Jr., R. B. Sack,

HEMAGGLUTININ OF TOXIGENIC E. COLI WITH CFA

27.

3L

32.

337

D. A. Sack, and T. Wadstrom. 1976. Special Esche-
richia coli serotypes among enterotoxigenic strains
from diarrhoea in adults and children. Med. Microbiol.
Immunol. 162:73-80.

. Orskov, 1., and F. Orskov. 1966. Episome-carried sur-

face antigen K88 of Escherichia coli. 1. Transmission
of the determinant of the K88 antigen and influence
on the transfer of chromosomal markers. J. Bacteriol.
91:69-75.

Orskov, L, F. Orskov, H. W. Smith, and W. J. Sojka.
1975. The establishment of K99, a thermolabile, trans-
missible, Escherichia coli K antigen, previously called
“Kco”, possessed by calf and lamb enterotoxigenic
strains. Acta Pathol. Microbiol. Scand. Sect. B 83:31-36.

Orskov, L, F. Orskov, W. J. Sojka, and J. M. Leach.
1961. Simultaneous occurrence of E. coli B and L anti-
gens in strains from diseased swine. Acta Pathol. Mi-
crobiol. Scand. §3:404-422.

. Ryder, R. W,, D. A. Sack, A. Z. Kapikian, J. C.

McLaughlin, J. Chakraborty, A. S. M. M. Rahman,
M. H. Merson, and J. G. Wells. 1976. Enterotoxigenic
Escherichia coli and reovirus-like agents in rural Bang-
ladesh. Lancet i:659-662.

Ryder, R. W,, I. K. Wachsmuth, A. E. Buxton, D. G.
Evans, H. L. DuPont, E. Mason, and F. F. Barrett.
1976. Infantile diarrhea produced by heat-stable enter-
otoxigenic Escherichia coli. N. Engl. J. Med. 295:
849-853.

Sack, R. B. 1975.-Human diarrheal disease caused by
enterotoxigenic Escherichia coli. Annu. Rev. Microbiol.
29:333-353.

Shore, E. G., A. G. Dean, K. J. Holik, and B. R.
Davis. 1974. Enterotoxin-producing Escherichia coli
and diarrheal diseases in adult travelers: a prospective
study. J. Infect. Dis. 129:557-582.

. Smith, H. W., and M. A. Linggood. 1972. Further ob-

servations on Escherichia coli enterotoxins with partic-
ular regard to those produced by atypical piglet strains
and by calf and lamb strains: the transmissible nature
of these enterotoxins and of a K antigen possessed by
calf and lamb strains. J. Med. Microbiol. §:243-250.

. Stirm, S., F. Orskov, L. Orskov, and A. Birch-Ander-

son. 1967. Episome-carried surface antigen K88 of
Escherichia coli. 1II. Morphology. J. Bacteriol. 93:
740-748.



