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INTRODUCTION

Enterotoxigenic Escherichia coli (ETEC) is a common cause
of infectious diarrhea (6), especially in tropical climates, where
uncontaminated water is not readily available. Most illness, in
terms of both numbers of cases and severity of symptoms,
occurs in infants and young children after weaning. Another
significant population at risk is travelers who lack recent ex-
posure to ETEC, but mortality is not a problem in this group.
Occasional outbreaks are reported in industrialized countries
(4, 74).

Diarrhea caused by ETEC has much in common with chol-
era; both result from ingestion of rather large inocula of gram-
negative bacteria that then colonize the small intestine and
produce toxins that cause net secretion into the intestinal lu-
men. Typically, the diarrhea is not severe and resolves without
treatment in about a week. Two enterotoxins are produced by
ETEC, heat-labile toxin (LT) and heat-stable toxin (ST). One
or both toxins may be expressed in ETEC. LT is very similar to
cholera toxin; their amino acid sequences are approximately
80% homologous, and they have the same mode of action (66).
Other than the toxins, ETEC and Vibrio cholerae are not
closely related.

Besides the enterotoxins, three other factors have been used
to identify and characterize ETEC: O serogroup, H serogroup,
and colonization factor antigens (CFAs). These are based on
lipopolysaccharide, flagella, and fimbrial adhesins, respective-
ly. They are important since all are exposed on the surface of
ETEC and are promising candidates for protective antigens in
vaccines against ETEC.

This review examines the occurrence, distribution, and as-
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sociations of O serogroup, H serogroup, CFAs, and toxins on
ETEC from widespread locations. It is my hope that this will
point to good candidates for vaccine components.

METHODS

The data included in this analysis are from reports that
contain complete descriptions of ETEC strains that include O
serogroup, H serogroup, CFA, toxin, location of isolation, and
a measure of their frequency. These criteria were met in re-
ports of ETEC from Argentina (5), Bangladesh (28, 42),
Burma (39), Brazil (29), Central African Republic (7), Chile
(1, 21), Egypt (73), India (7, 59), Japan (7), New Caledonia (3),
Peru (39), Rhodesia/Zaire (39), Saudi Arabia (72, 73), Spain
(7, 8,27), Thailand (11, 42), United States (74), Latin America
(7), and Southeast Asia (70). These were included in the da-
tabase of 988 isolates, and the distribution is shown in Fig. 1.
Most isolates were obtained from patients who visited clinics
while suffering from diarrhea. Testing for antigens, especially
for CFAs, varied; therefore, some ETEC listed as not express-
ing any CFA may have an antigen that was not tested in a given
study. Some studies (5, 11, 28, 29, 42, 70) reported only O:H
serotypes for CFA-bearing ETEC. These 711 CFA-negative
ETEC are not included in the database and so are not repre-
sented in the tables and figures, but they are discussed where
appropriate.

Data from these sites were entered into a database by using
dBase III Plus (Ashton-Tate copyright 1985 and 1986). Fields
included O serogroup, H serogroup, CFA, coli surface anti-
gens (CS), toxin, location, and number of isolates. Some anal-
yses were carried out with Microsoft Excel version 5.0 (copy-
right 1985 to 1993, Microsoft Corp.).

Interpretation of this database requires noting that it is not
comprehensive. ETEC is known to occur in some locations
that are not represented because the reports did not present
the data in a way that allowed characterization of individual
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FIG. 1. Distribution of ETEC isolates in the database by location.

isolates (most notably Mexico) or did not include serotyping
(13). Many regions surely have ETEC but have not been sam-
pled. A second limitation is that the reported number of iso-
lates is at best an estimate. The reports are generally from
patients who presented with diarrhea at study sites and not
from proactive sampling of all people with diarrhea. Some
strains may be overrepresented if they caused an outbreak that
occurred while sampling was in progress. Therefore, it is es-
sential to consider both the occurrence and the distribution of
phenotypes when weighing the relative contribution to diar-
rheal disease. A third caution is that any study only “takes a
snapshot” of the etiology at a given time and the same location
could have a different distribution of ETEC pathogens during
another season. Fourth, some studies assayed for only a limited
number of CFAs, so that those more recently described may
have a much higher incidence than these numbers suggest.

O SEROGROUPS

Unlike the H antigens, CFA, and toxins, which are proteins,
the O antigens are carbohydrates and are part of the lipopoly-
saccharide. Like the H antigens and CFA, the O antigen is
composed of repeated subunits that extend from the surface of

o8

015 09

ozooz\s\

N=988

CLIN. MICROBIOL. REV.

bacteria. For many years, the O serogroup was used to distin-
guish pathogenic from commensal E. coli. Since the pathogen-
esis of E. coli has become defined and pathogenic E. coli is
classified by using probes of virulence factors, determining the
O serogroup is less important. Still, O serogrouping provides
worthwhile information; it is a good indication of the variety of
strains that make up a group of E. coli. In ETEC, it was the
category with the largest variety of antigens (Fig. 2).

Seventy-eight O serogroups were detected in 954 ETEC
isolates (Table 1). The remaining 34 ETEC isolates either
lacked side chains (were rough) or had unknown O serogroups.
06 was the most common, both in the number of isolates and
in the number of locations where it was recovered; more than
16% (166) of the ETEC were O6, and it was isolated in 16
locations. O6, O78, O8, 0128, and O153 accounted for over
half the ETEC. Thirty-six O serogroups occurred only once
and included some serogroups, such as O157, known to be
associated with other pathogenic E. coli strains.

The data suggest that there is no incompatibility of a given
O serogroup and H serogroup, CFA, or toxin, although often
there is a “preferred” combination. O8 was a notable exception
in that it was associated with more H serogroups (7) than any
other O serogroup. O8:H9 was unusual because it was found
with both CFA/II LTST and CS17 LT and both combinations
were common. The significance of the large variety of antigens
associated with O8, if any, is unknown.

It might be supposed that there are relationships among the
O serogroups, but if such relationships exist, they are not
evident from the data available at present. O serogroups are
defined by reaction of the carbohydrate antigens with antibod-
ies. O side chains with similar saccharides and linkages or
constructed with common enzymes may not be detectable by
using immunological assays. The carbohydrate structures of O6
(32, 33), O8 (35), O78 (34), and 0153 (52) have been reported
but do not reveal any commonality. Perhaps relationships
would be apparent from genetic analysis of these antigens, but
DNA sequences of biosynthetic enzymes are lacking.

H SEROGROUPS

The H serogroup is determined by the flagellar antigen. The
role of flagella in the pathogenesis of ETEC has not been
shown experimentally, and some authors suggest that the an-

FIG. 2. O serogroup distribution of ETEC isolates in the database.
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TABLE 1. Occurrence and association of O serogroups”

H serogroup CFA Toxin Total
O serogroup
N Identity N, N Identity N, N Identity N, N N,
o1 1 ND 1 1 ST 1 1 1
02 1 H7 1 2 ND 2 1 ST 1 2 2
1 LT 1
03 1 H1 1 2 ND 1 2 LT 1 2 1
1 H9 1
04 1 CFA/l 1 1 1
06 143 H16 14 3 CFA/l 3 5 LT 3 166 16
1 H40 1 151 CFA/II 15 121 LTST 15
3 CFA/IV 3
9 ND 3 4 ST 3
o7 3 H18 2 1 CFA/l 1 2 LT 1 3 2
2 ND 1 1 LTST 1
08 1 H1 1 3 CFA/T 1 46 LT 9 106 12
60 H9 10 36 CFA/II 8 22 ST 4
1 H17 1 11 CFA/IV 2 16 LTST 6
4 H21 3 21 CS17 3
5 H32 1 35 ND 8
1 H33 1
1 H40 1
09 1 H2 1 1 CFA/II 1 4 LT 3 16 5
11 H21 1 11 CFA/IV 1 11 ST 1
1 CS9 1
3 ND 2
O11 1 H4 1 1 CFA/II 1 2 ST 2 3 2
2 H33 1 2 CFAIV 2 1 LT 1
012 1 CFA/T 1 1 ST 1 1 1
O15 5 H11 2 1 CFA/T 1 3 ST 1 9 3
1 H21 1 2 CS7 1 4 LTST 1
6 ND 2
017 2 H18 1 3 ND 1 1 LT 1 3 1
1 H51 1 2 LTST 1
018 1 CFA/II 1 1 LTST 1 1 1
020 1 H10 1 2 CFA/II 2 1 LT 1 6 3
3 CFA/IV 1 2 ST 1
1 PCFO166 1 3 LTST 3
024 1 H15 1 1 ND 1 1 ST 1 1 1
025 21 H42 4 1 CFA/IT 1 43 LT 6 67 9
1 CFA/II 1 2 ST 1
27 CFA/IV 6 5 LTST 3
38 ND 3
027 24 H7 6 20 CFA/IV 6 30 ST 8 30 8
4 H20 2 10 ND 2
028 1 H9 1 1 ND 1 1 ST 1 1 1
029 1 H4 1 12 CFA/IV 3 12 ST 3 12 3
11 H21 2
030 7 H10 1 7 CFA/IV 1 7 ST 1 7 1
032 1 H45 1 1 CFA/T 1 1 ST 1 1 1
041 1 H30 1 1 ND 1 1 LT 1 1 1
049 1 CFA/l 1 1 ST 1 1 1

Continued on following page
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TABLE 1—Continued

H serogroup CFA Toxin Total
O serogroup
N Identity N, N Identity N, N Identity N, N N,
052 1 H10 1 1 CFA/T 1 1 ST 1 1 1
056 1 ND 1 1 LT 1 1 1
063 2 H10 1 10 CFA/I 3 3 ST 2 11 3
6 HI12 3 1 CFA/II 1 3 LTST 1
064 3 HS 2 10 ND 4 9 LT 4 10 4
1 LTST 1
070 1 ND 1 1 ST 1 1 1
071 2 ND 1 2 LT 1 2 1
073 1 H17 1 1 ND 1 1 LT 1 1 1
076 5 H21 1 5 ND 1 5 ST 1 5 1
077 1 H7 1 1 CFA/IV 1 1 ST 1 1 1
078 9 H11 2 112 CFA/l 7 36 ST 6 116 8
79 HI12 6 2 CFA/II 1 26 LTST 4
2 H18 1 2 PCFO166 1
080 1 H10 1 1 ND 1 1 LT 1 1 1
081 1 H33 1 1 CFA/I1 1 2 LTST 1 2 1
1 H45 1 1 ND 1
085 1 H4 1 1 CFA/T 1 1 ST 1 1 1
086 1 H18 1 1 CFA/IL 1 1 ST 1 1 1
088 4 H25 2 6 ND 3 5 LT 2 6 3
1 ST 1
089 1 H15 1 1 ND 1 1 ST 1 1 1
090 1 HI12 1 1 CFA/T 1 1 1
091 1 H10 1 1 ND 1 1 LTST 1 1 1
092 1 H10 1 3 CFAIV 1 3 ST 1 3 1
1 H12 1
1 H29 1
099 1 H6 1 1 ND 1 1 LT 1 1 1
0101 3 ND 1 1 LT 1 3 1
2 ST 1
0103 1 H49 1 1 CS7 1 1 LT 1 1 1
0104 1 CFA/IV 1 1 LT 1 1 1
0105 6 H18 1 6 ND 1 6 LT 1 6 1
0109 4 H45 1 4 ND 1 4 LTST 1 4 1
0110 1 H12 1 1 CFA/l 1 1 1
0113 1 ND 1 1 LTST 1 1 1
0114 11 H21 2 6 CS7 2 18 LT 5 18 5
H49 1 11 CS17 2
1 ND 1
O115 1 H1 1 2 CFA/T 2 10 ST 5 23 6
1 H5 1 9 CFA/II 2 2 LTST 1
5 H12 1 12 CFA/IV 5
1 H35 1
5 H40 3
8 H51 2

Continued on following page
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H serogroup CFA Toxin Total
O serogroup
N Identity N, N Identity N, N Identity N, N N,
0126 13 H12 4 18 CFA/T 5 11 ST 4 19 5
1 H30 1 1 ND 1 1 LTST 1
0127 13 H21 1 13 CFA/l 1 13 ST 1 13 1
0128 2 H2 1 51 CFA/T 5 33 ST 5 76 7
48 H12 5 19 CFA/IV 3 3 LT 2
13 H21 1 6 ND 2 19 LTST 2
0133 1 H2 1 2 ND 2 1 LT 1 2 2
1 H33 1 1 LTST 1
0136 1 H9 1 1 ND 1 1 LT 1 1 1
0139 1 H28 1 1 CFA/IL 1 1 1
0140 1 H20 1 1 CFA/IT 1 1 ST 1 1 1
0141 2 H27 1 3 ND 1 3 LT 1 3 1
0143 1 H19 1 1 CS9 1 1 LT 1 1 1
0146 1 ND 1 1 LT 1 1 1
0148 26 H28 6 8 CFA/IT 1 8 LT 1 29 6
20 CFA/IV 5 19 ST 4
1 ND 1 2 LTST 2
0149 1 ND 1 1 LT 1 1 1
0151 2 H17 1 1 CFA/I1 1 1 ST 1 2 1
1 CFA/IV 1 1 LTST 1
0153 4 H10 3 64 CFA/T 7 63 ST 7 67 8
1 H12 1 2 CFA/IV 1 2 LTST 2
58 H45 5 1 ND 1
0154 1 CFA/IL 1 1 LT 1 1 1
0155 1 H45 1 1 CFA/T 1 1 ST 1 1 1
0157 1 CFA/II 1 1 ST 1 1 1
0158 1 H10 1 1 CFA/IL 1 2 LT 2 3 2
1 H45 1 1 CFA/IV 1 1 LTST 1
1 ND 1
0159 2 H4 1 1 CFAI 1 4 LT 3 37 5
1 H20 1 31 CFAIV 1 32 ST 2
1 PCFO159 1 1 LTST 1
4 ND 3
0160 1 H10 1 1 CFA/II 1 1 LTST 1 1 1
0162 1 H27 1 2 ND 2 1 LT 1 2 2
1 ST 1
0163 2 HS 1 1 CFA/T 1 4 ST 3 5 3
1 H33 1 2 CFA/IT 1 1 LTST 1
1 H34 1 2 CFA/IV 1
0165 1 H9 1 1 CFA/l 1 1 ST 1 1 1
0166 1 H21 1 2 CFA/IV 2 1 LT 1 5 4
2 H27 1 2 PCFO166 1 3 ST 2
1 H30 1 1 ND 1 1 LTST 1
1 H33 1
0167 4 H5 2 4 CFA/IV 2 2 LT 2 5 3
1 CS17 1
0169 1 H20 1 9 CFA/IV 5 9 ST 5 9 5

“ N, number of isolates; N, , number of locations; ND, none detected.
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FIG. 3. H serogroup distribution of ETEC isolates in the database.

tigen is not a virulence factor (43, 51). The fact that most
ETEC possess a flagellar antigen and analogy with Vibrio chol-
erae infection (43) suggest that it may be important in patho-
genesis. The contribution of the H antigen to immunity to
ETEC is unknown. At any rate, H serogroups serve as useful
antigenic markers and as potential components of an ETEC
vaccine.

Considerably fewer H serogroups than O serogroups are
associated with ETEC (Fig. 3; Table 2). This reflects the
smaller number of H serogroups in the E. coli typing scheme.
A total of 34 H serogroups have been identified from 730
ETEC isolates (the remaining 258 of the ETEC strains either
were nonmotile, lacked a defined H type, or were not tested).
H12, H16, H21, H45, and H9 accounted for over half the
ETEC in the database and were widespread, and so they are
the most common H serogroups of ETEC. H7, H10, and H28
were widespread but were found less often. H7 has achieved
some notoriety in recent years in combination with O157 and
SLT in E. coli that cause a hemorrhagic colitis and hemolytic
uremic syndrome (2). H7 was never associated with O157 in
ETEC.

Some H serogroups were strongly associated with an O se-
rogroup (that is, the O serogroup was present on at least 70%
of the ETEC strains of a given H serogroup and the serotypes
occurred at least seven times); those are O27:H7, O8:H9, O78
or O128:H12, O6:H16, O148:H28, 025:H42, and O153:H45.
Some H types were strongly associated with a CFA (H11, H12,
and H45 with CFA/I; H16 and H51 with CFA/II; and H20 and
HA42 with CFA/IV) or with a toxin (H20 and H45 with ST, and
H11 and H16 with LTST). The significance of these combina-
tions of antigens regarding enhanced virulence or genetic link-
ages, if any, is not known.

CFAs

CFAs, CS, and putative colonization factors (PCF) are pro-
teins exposed on the surface of ETEC and are fimbrial (or
fibrillar if they are especially thin). They promote attachment
of the ETEC to epithelial cells of the small intestine and
therefore serve as virulence factors (10). Both epidemiological
(14) and challenge (10, 18, 38, 67) experiments in humans
suggest that CFA are protective antigens such that immunity to
a CFA protects against challenge by other ETEC strains ex-

pressing the same CFA. Because of technical difficulties and
practical considerations, there are no hard data to suggest that
all of the CFAs are colonization factors or protective antigens
in humans, but it seems likely.

CFA/I was the first to be described (20), and there are
convincing data that it is a colonization factor and a protective
antigen in humans (18, 19, 22). Discovery of CFA/II followed
a few years later (17), and CFA/II was later shown to be
composed of CS3 alone or with CS1 or CS2 (63). These data
led investigators to focus on them as a small group of proteins
that might be included in vaccines to protect against ETEC.
Most surveys of ETEC assyed for the presence of these two
CFAs, and many also assayed for CFA/IV (68). CFA/IV was
later shown to be composed of CS6 alone or with CS4 or CS5
(69). Over the years, additional fimbrial antigens have been
discovered, but most studies did not include these.

CFA/I, CFA/II, and CFA/IV have been extensively charac-
terized both biochemically and genetically (10). Genes for the
structural subunits occur in operons with genes for synthesis,
transport, and assembly of the subunits on the bacterial sur-
face. CFA/I, CS1, CS2, CS4, CS17, and PCFO166 have much
homology, while CS3, CS5, and CS6 are distinct. The genes for
all are commonly carried on plasmids, and pieces of insertion
sequences and transposons flank the operons.

By any measure, CFA/I, CFA/II, and CFA/IV are common
and widespread (Fig. 4; Table 3). Together, these have been
found in 23 to 94% of the ETEC isolates at the locations
tested, depending on the methods used to detect CFAs (see
the discussion below).

CFA/I

Almost one-third (a total of 299) of the ETEC isolates in the
database expressed CFA/I, and it was detected from 13 loca-
tions. CFA/I occurred with 23 O types, and 14 of these were
found only once. 078, 0153, 0128, 0126, 0127, and 063
accounted for almost 90% of the ETEC isolates bearing
CFA/L. All were widespread except for O127 and O63. Re-
markably, none of the ETEC isolates in the database express-
ing CFA/I expressed LT as the sole toxin. Of those with the
toxin indicated, two-thirds were ST and the remainder were
LTST.
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TABLE 2. Occurrence and association of H serogroups®

O serogroup CFA Toxin Total
H serogroup
N Identity N, N Identity N, N Identity N, N N;
H1 1 03 1 2 CFA/IV 2 1 LT 1 4 2
1 08 1 2 ND 1 3 ST 2
1 o115 1
H2 1 09 1 1 CFA/IL 1 1 LT 1 4 3
2 0128 1 CFA/IV 1 1 ST 1
1 0133 1 1 ND 1
H4 1 Ol11 1 1 CFA/T 1 3 LT 2 6 3
1 029 1 3 CFA/IV 1 3 ST 2
1 085 1 2 ND 1
2 0159 1
HS 3 064 2 2 CFA/II 2 3 LT 3 10 5
1 0115 1 4 CFA/IV 2 2 LTST 2
2 0163 1 1 CS17 1 2 ST 2
4 0167 2 3 ND 2
H6 1 099 1 1 ND 1 1 LT 1 1 1
H7 1 02 1 16 CFA/IV 4 4 LT 4 29 8
24 027 6 13 ND 4 25 ST 6
1 o77 1
H9 1 03 1 2 CFA/T 2 37 LT 5 65 12
60 08 10 28 CFA/IL 7 9 LTST 5
1 028 1 21 CS17 3 3 ST 2
1 0136 1 14 ND 5
1 0165 1
H10 1 020 1 5 CFA/l 3 1 LT 1 23 8
7 030 1 2 CFA/I1 1 4 LTST 3
1 052 1 13 CFA/IV 3 15 ST 5
2 063 1 3 ND 3
1 080 1
1 091 1
1 092 1
4 0153 3
1 0158 1
1 0160 1
HI11 5 O15 2 10 CFA/T 3 9 LTST 1 14 2
9 078 2 2 CS7 ?
2 ND 1
H12 6 063 3 148 CFA/L 9 3 LT 2 162 9
79 078 6 2 CFA/I1 1 41 LTST 4
1 090 1 6 CFA/IV 1 62 ST 8
1 092 1 6 ND 2
1 0110 1
5 0115 1
13 0126 4
48 0128 5
1 0153 1
H14 (0-) 1 CFA/IL 1 1 LTST 1 1 1
H15 1 024 1 2 ND 1 2 ST 1 2 1
1 089 1
H16 143 06 14 3 CFA/I 3 5 LT 3 145 14
130 CFA/IL 13 105 LTST 13
3 CFA/IV 3 4 ST 3
9 ND 3
H17 1 08 1 1 CFA/ 1 1 LT 1 4 1
1 073 1 1 CFA/MI 1 1 LTST 1
2 0151 1 1 CFA/IV 1 2 ST 1
1 ND 1
H18 3 o7 2 1 CFA/ 1 8 LT 2 14 5
2 017 1 1 CFA/M 3 LTST 2

Continued on following page
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O serogroup CFA Toxin Total
H serogroup
N Identity N, N Identity N, N Identity N, N N,
2 078 1 2 PCFO166 1 3 ST 2
1 086 1 10 ND 2
6 0105 1
H19 1 0143 1 1 CS9 1 4 LT 1 4 1
3 ND 1
H20 4 027 2 1 CFA/II 1 1 LTST 1 7 4
1 0140 1 5 CFA/IV 3 6 ST 3
1 0159 1 1 PCFO159 1
1 0169 1
H21 4 08 3 13 CFA/T 1 13 LT 3 71 6
11 09 1 1 CFA/II 1 2 LTST 2
1 0o15 1 38 CFA/IV 3 55 ST 3
11 029 2 11 CS17 2
5 076 1 8 ND 3
11 0114 2
13 0127 1
13 0128 1
1 0166 1
H25 4 088 2 4 ND 2 3 LT 1 4 2
1 ST 1
H26 (0-) 1 ND 1 1 LT 1 1
H27 2 0141 1 2 PCFO166 1 2 LT 1 6 3
1 0162 1 4 ND 2 1 LTST 1
2 0166 1 3 ST 2
H28 1 0139 1 9 CFA/I1 2 8 LT 1 27 7
26 0148 6 17 CFA/IV 5 2 LTST 2
1 ND 1 16 ST 4
H29 1 092 1 1 CFA/IV 1 1 ST 1 1 1
H30 1 041 1 3 ND 3 1 LT 1 3 3
1 0126 1 2 ST 2
1 0166 1
H32 5 08 1 1 CFA/IV 1 3 LT 1 5 1
4 ND 1 1 LTST 1
1 ST 1
H33 1 08 1 1 CFA/T 1 2 LT 1 7 3
2 o11 1 2 CFA/II 2 2 LTST 2
1 081 1 2 CFA/IV 1 3 ST 2
1 0133 1 2 ND 1
1 0163 1
1 0166 1
H34 1 0163 1 1 CFA/IV 1 1 ST 1 1 1
H35 1 0151 1 1 CFA/IV 1 1 ST 1 1 1
H40 1 06 1 1 CFA/l 1 1 LT 1 7 5
1 08 1 1 CFA/II 1 1 LTST 1
5 0115 3 4 CFA/IV 2 2 ST 2
1 ND 1
H42 21 025 4 21 CFA/IV 4 4 LTST 2 21 4
1 ST 1
H45 1 032 1 61 CFA/T 5 1 LT 1 67 6
1 081 1 6 ND 2 6 LTST 2
4 0109 1 60 ST 5
58 0153 5
H48 (0-) 1 CFA/IV 1 1 ST 1 1 1
H49 1 0103 1 3 CS7 1 3 LT 1 3 1
2 O114 1
H51 1 017 1 8 CFA/IT 2 1 LT 1 9 3
8 o115 2 1 ND 1 2 LTST 1

“ See Table 1, footnote a.
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FIG. 4. CFA distribution of ETEC isolates in the database. The numbers in
parentheses are the number of locations where a CFA was detected and the
number of locations where that CFA was tested for.

CFA/IL

Of the ETEC isolates in the database, 23% expressed CFA/
II. This was the most widespread type of ETEC and was found
in 15 locations. Two-thirds were O6:H16 LTST, but 20 addi-
tional O serogroups and 14 more H serogroups were expressed
with CFA/IIL. Besides O6:H16, only strains with O8:H9 were
common, so that strains with CFA/II have a variety of O and H
types but only a few are common. This is different from strains
with other CFAs that have a number of common serotypes. Of
the ETEC isolates expressing CFA/II, 85% also expressed
LTST, making this a very strong association.

Only half of the CFA/II isolates were tested for CS1 and
CS2, and so the incidence is probably more than that reflected
in this database. CS1 and CS2 were never found together and
were never found in the absence of CS3, but CS3 occurred
alone in 15% of the isolates that were also tested for CS1 and
CS2. The distribution and occurrence of CS1 and CS2 are
similar. Both are associated with O6:H16 LTST.

CFA/IV

Of the ETEC isolates in the database, 21% expressed CFA/
IV, and it was found in strains from 10 locations. The number
of O serogroups and H serogroups is more varied with strains
expressing CFA/IV than with strains expressing CFA/I and
CFA/II, and no O or H types predominate. Of the ETEC
expressing CFA/IV, 80% expressed ST alone.

CS4 and CS5 were never found together and were never
found in the absence of CS6, but CS6 occurred alone in 92%
of the isolates that were tested for CS4 and occurred alone in
72% of the isolates tested for CS5, showing that CS6 is usually
not expressed with CS4 or CS5. There are reports of CS6 being
expressed with other fimbriae (37, 40), so that CS6 may be
expressed with fimbrial antigens other than CS4 or CSS. CS4
and CS5 were not common but were widespread. Neither was
associated with one O serogroup or H serogroup. CS5 expres-
sion was strongly associated with ST.

Others

CS17 has been tested only at four locations but has been
found at all four, suggesting that it may be common. CS17 has
been found most often with serotypes O8:H9 and O114:H21.
One instance of O167:HS with CS17 has been reported. O8:H9
with CFA/II as well as CS17 is common. CS17 has been ex-
pressed only with LT. Since LT isolates tend to lack defined
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CFAs (see below), CS17 is an important candidate for identi-
fying fimbriae on these isolates.

Testing for CS7, CS9, PCFO159, and PCFO166 is limited,
and they have not been documented to be common. Only O114
CS7 ETEC strains have been reported from more than one
location, and that phenotype was found at two locations. Per-
haps additional data will show that these antigens are signifi-
cant, but for now this has not been documented.

CFA Not Detected

Of the ETEC isolates in the database, 20% lacked a defined
CFA. Unfortunately, studies did not report the O:H serotypes
of an additional 711 ETEC isolates lacking CFAs, and so they
were not included in the database (5, 11, 28, 29, 42, 70). The
lack of CFAs was not associated with a lack of testing for
CFA/IV but was related to the sensitivity of the assays. The
proportion of ETEC with defined CFAs was lowest in the
studies in which immunodiffusion (33% of 458 ETEC strains)
(70) and slide agglutination (43% of 613) (5, 8, 11, 28, 29, 59)
were used as the assays for CFA expression and highest (69%
of 573) in studies involving enzyme-linked immunosorbent as-
says or dot blot assays (39, 42, 72, 73). Assays with enzyme-
linked antibodies should be considered the standard assay
based on their sensitivity. Although it was not documented in
this database, polyclonal antibodies are preferred over mono-
clonal antibodies.

There was a reproducibly low proportion of ETEC isolates
with defined CFAs from Thailand (40% [42], 29% [70], and
28% [11]), even if an enzyme-linked immunosorbent assay was
used (42), but the proportion of ETEC isolates expressing
CFAs from Bangladesh (75% [28], 64% [42], and 38% [42])
reflected the sensitivity of the assay. At present, those strains
tested by slide agglutination or immunodiffusion should be
suspected of underrepresenting the true proportion of ETEC
strains bearing CFAs.

Admittedly, the absence of 711 ETEC isolates from the
database because of lack of reporting of O and H serogroups
for ETEC without detected CFAs decreases the accuracy of
the conclusions about these ETEC strains. However, since 646
of the 711 were from studies in which the less sensitive meth-
ods for detection of CFAs were used, it is likely that some of
these do in fact express known CFAs, so that their inclusion in
the database would be misleading. At any rate, analysis of the
database is instructive, if flawed. The 20% of the ETEC iso-
lates in the database lacking defined CFAs were recovered
from 13 locations. The occurrence of a prominent phenotype
might lead to a new common CFA, but instead there was a
large variety of O and H serogroups associated with CFA-
negative ETEC in the database: 44 O serogroups, 26 H sero-
groups, and 41 O:H serotypes. Half the O serogroups occurred
only once. In contrast to the large variety of rare O and H
serogroups associated with CFA-negative ETEC isolates, a
majority (61%) expressed LT alone.

TOXINS

The distribution of toxins in ETEC is the simplest to analyze
because there are only two toxins, LT and ST. E. coli must
express one or both toxins to be classified as ETEC.

LT is very similar to cholera toxin; their amino acid se-
quences are approximately 80% homologous, and they have
the same mode of action (57, 66). LT is composed of an A
subunit that carries the enzymatic activity and five B subunits
that bind to the receptor. Aside from this toxic activity, both
LT and cholera toxin are potent antigens and are strong adju-
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TABLE 3. Occurrence and associations of CFA?

CLIN. MICROBIOL. REV.

O serogroup H serogroup Serotype Toxin Total
CFA (&)
N Identity N, N Identity N, N Identity N, N Identity N, N N,
CFA/l NA 1 04 1 1 H4 1 3 O6:H16 3 0 LT 0 299 13
3 06 3 2 H9 2 1 O7:H18 1 149 ST 12
1 o7 1 5 H10 3 1 O8:H9 1 55 LTST 6
3 08 1 10 Hi1 2 1 O8:H17 1
1 012 1 156 H12 9 1 O15:H11 1
1 015 1 3 Hl6 3 1 032:H45 1
1 032 1 1 H17 1 1 052:H10 1
1 049 1 1 H18 1 2 063:H10 1
1 052 1 13 H21 1 6 063:H12 3
10 063 3 1 H33 1 9 O78:H11 2
112 078 7 1 H40 1 79 O78:H12 6
1 085 1 61 H45 5 1 085:H4 1
1 090 1 1 090:H12 1
1 0110 1 1 0O110:H12 1
2 O115 2 1 O115:H40 1
18 0126 5 13 0O126:H12 4
13 0127 1 13 0127:H21 1
51 0128 5 42 O128:H12 5
64 0153 7 2 0O153:H10 2
1 0155 1 1 O153:H12 1
1 0159 1 58 0153:H45 6
1 0163 1 1 0163:H33 1
1 0165 1 1 0165:H9 1
CFA/I CS3 151 06 15 1 H2 1 128 06:H16 13 16 LT 4 228 15
36 08 8 2 H5 1 27 O8:H9 7 8 ST 3
1 09 1 28 H9 7 1 0O8:H21 1 132 LTST 14
1 O11 1 2 H10 1 1 09:H2 1
1 018 1 2 Hi12 1 1 O11:H33 1
2 020 2 1 H14 1 2 O78:H12 1
1 025 1 130 H16 13 1 O81:H33 1
1 063 1 1 H17 1 1 086:H18 1
2 078 1 1 H18 1 8 O115:H51 2
1 081 1 1 H20 1 1 0139:H28 1
1 086 1 1 H21 1 1 0140:H20 1
9 O115 2 9 H28 2 8 0148:H28 1
1 0139 1 2 H33 2 1 O151:H17 1
1 0140 1 1 HA40 1 2 O158:H10 1
8 0148 1 8 H51 2 1 0160:H10 1
1 0151 1 2 0163:H5 1
1 0154 1
1 0158 1
1 0160 1
2 0163 1
CS1 34 06 6 1 H10 1 34 06:H16 6 3 LT 2 41 6
2 020 2 34 H16 6 1 081:H33 1 2 ST 2
1 081 1 1 H18 1 1 086:H18 1 36 LTST 6
1 086 1 1 H33 1 1 0160:H10 1
1 0154 1
1 0157 1
1 0160 1
CS2 47 06 7 2 H5 1 40 O6:H16 5 0 LT 0 56 7
2 08 1 1 H10 1 1 O11:H33 1 6 ST 2
1 Ol11 1 40 HI16 5 1 0140:H20 1 50 LTST 7
1 018 1 1 H17 1 1 O151:H17 1
1 0140 1 1 H20 1 1 O158:H10 1
1 0151 1 1 H33 1 2 0163:H5 1
1 0158 1
2 0163 1
CFA/IV CS6 3 06 3 2 H1 2 3 06:H16 3 10 LT 4 212 10
11 08 2 2 H2 1 1 08:H21 1 169 ST 9

Continued on following page
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TABLE 3—Continued
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O serogroup H serogroup Serotype Toxin Total
CFA CS
N Identity N, N Identity N, N Identity N, N Identity N, N N,
11 09 1 3 H4 1 1 0O8:H32 1 11 LTST 5
2 O11 2 4 H5 2 11 09:H21 1
3 020 1 16 H7 4 1 O11:H4 1
27 025 6 13 H10 3 1 O11:H33 1
20 027 6 6 Hi12 1 1 020:H10 1
12 029 3 3 H16 3 21 025:H42 3
7 030 1 1 H17 1 14 027:H7 4
1 077 1 5 H20 3 4 027:H20 2
3 092 1 38 H21 3 1 029:H4 1
1 0104 1 17 H28 5 11 029:H21 2
12 0115 5 1 H29 1 7 0O30:H10 1
19 0128 3 1 H32 1 1 O77:H7 1
20 0148 5 2 H33 1 1 092:H10 1
1 0151 1 1 H34 1 1 092:H12 1
2 0153 1 1 H35 1 1 092:H29 1
4 H40 2
31 0159 1 21 H42 3 1 O115:H5 1
2 0163 1 1 H48 1 5 O115:H12 1
2 0166 2 1 O115:H35 1
4 0167 2 4 O115:H40 2
9 0169 5 2 0128:H2 1
13 0O128:H21 1
17 0148:H28 5
1 O151:H17 1
2 0153:H10 1
1 0163:H34 1
1 0166:H21 1
1 0166:H33 1
3 0O167:H5 1
1 0169:H20 1
CS4 2 08 2 1 H7 1 1 0O8:H21 1 0 LT 0 16 5
1 020 1 1 H10 1 1 020:H10 1 10 ST 2
7 025 4 2 H20 2 5 025:H42 2 5 LTST 3
3 027 2 1 H21 1 1 O27:H7 1
1 0148 1 1 H28 1 2 027:H20 1
1 0136 1 1 H34 1 1 0148:H28 1
5 H42 2 1 0163:H34 1
1 HA48 1
CS5 1 06 1 2 H2 1 1 O6:H16 1 2 LT 1 39 6
12 029 3 2 H4 1 1 029:H4 1 37 ST 6
1 092 1 1 H5 1 11 029:H21 2 0 LTST 0
6 0115 2 1 H7 1 1 092:H21 1
15 0128 2 6 HI12 1 1 O115:H5 1
1 H16 1 5 O115:H12 1
25 H21 2 2 0O128:H2 1
13 0O128:H21 1
NA CS7° 2 0o15 ? 2 H11 1 2 O15:H11 1 7 LT 2 9 2
1 0103 1 3 H49 1 1 0103:H49 1 0 ST 0
6 0114 2 2 O114:H49 1 2 LTST ?
Cs9” 1 09 1 1 H19 1 1 0143:H19 1 3 LT 1 3 1
1 0143 1 0 ST 0
0 LTST 0
CS17* 21 08 3 1 H5 1 21 O8:H9 3 33 LT 4 33 4
11 0114 2 21 H9 3 11 0O114:H21 2 0 ST 0
1 0167 1 11 H21 2 1 0O167:H5 1 0 LTST 0
0159 1 0159 1 1 H20 1 1 0O159:H20 1 0 LT 0 1 1
0 ST 0
1 LTST 1

Continued on following page
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TABLE 3—Continued
O serogroup H serogroup Serotype Toxin Total
CFA CS
N Identity N, N Identity N, N Identity N, N Identity N, N N,
0166° 1 020 1 2 H18 1 2 O78:H18 1 0 LT 0 5 2
2 078 1 2 H27 1 2 0166:H27 1 4 ST 1
2 0166 1 1 LTST 1
ND” 1 0O1 1 2 HI1 1 1 O2:H7 1 126 LT 13 197 13
2 02 2 1 H2 1 1 O3:H1 1 42 ST 8
2 03 1 2 H4 1 1 O3:H9 1 29 LTST 8
9 06 3 3 H5 2 9 O6:Hl16 3
2 o7 1 1 Ho 1 2 O7:H18 1
35 08 8 13 H7 4 1 O8:H1 1
3 09 2 14 H9 5 11 O8:H9 3
6 0O15 2 3 H10 3 2 O8:H21 2
3 017 1 2 H11 1 4 O8:H32 1
1 024 1 6 Hi12 2 1 O8:H33 1
38 025 3 2 HI15 1 1 0O8:H40 1
10 027 2 9 Hi16 3 2 O15:H11 1
1 028 1 1 H17 1 1 O15:H21 1
1 041 1 10 H18 2 2 O17:H18 1
1 056 1 3 H19 1 1 O17:H51 1
10 064 4 8 H21 3 1 0O24:H15 1
1 070 1 4 H25 2 10 O27:H7 2
1 H26 10
1 073 1 4 H27 2 1 0O41:H30 1
5 076 1 1 H28 1 3 064:H5 2
1 080 1 3 H30 3 1 O73:H17 1
1 081 1 4 H32 1 5 076:H21 1
6 088 3 2 H33 1 1 0O80:H10 1
1 089 1 1 H40 1 1 O81:H45 1
1 091 1 6 H45 2 3 0O88:H25 1
1 099 1 1 H51 1 1 089:H15 1
3 0101 1 1 O91:H10 1
6 0105 1 1 099:H6 1
4 0109 1 6 0105:H18 1
1 0113 1 4 0109:H45 1
1 0114 1 1 0126:H30 1
1 0126 1 6 O128:H12 2
6 0128 2 1 0O133:H2 1
2 0133 2 1 0O133:H33 1
1 0136 1 1 0O136:H9 1
3 0141 1 2 0141:H27 1
1 0146 1 1 0148:H28 1
1 0148 1 1 O158:H45 1
1 0149 1 2 0O159:H4 1
1 0153 1 1 0162:H27 1
1 0158 1 1 0166:H30 1
4 0159 3
2 0162 2
1 0166 1

“ See Table 1, footnote a. NA, not applicable; ND, none detected.
b Testing for these antigens was limited.

vants. This activity is being investigated to enhance antigen
delivery to the mucosal immune system (31, 64). There is
evidence that the B subunit of cholera toxin is protective
against ETEC strains that express LT (12, 48), but multiple
episodes of diarrhea caused by ETEC expressing LT are com-
mon (14, 75).

ST is present in 75% of the ETEC strains, either alone or
with LT (Fig. 5). Its importance as a virulence factor is sug-
gested in case-control or cohort studies, which find a significant
correlation of ETEC expressing ST and diarrhea (13, 16, 26,
75). The molecular nature of ST and its receptor has been
extensively studied in recent years (24, 45, 46, 56, 57, 60). ST is
a family of peptides of less than 20 amino acids related to the
mammalian hormone guanylin (60). (There is a second family
of ST, called STII, STb, STy, or ST2, to distinguish it from the

other family, more properly called STI, ST1, STa, or ST,. STII
peptides are not homologous to STI peptides, are not active in
the suckling mouse model [15] that is the traditional assay for
STI, and do not cause diarrhea by the same mechanism as STI
[23, 24, 30]). Since ST was assayed by the suckling mouse assay
in most of the ETEC isolates in the database, ST should be
taken to mean STI in this review. This is appropriate because
STII has not been proven to be a significant human virulence
factor [57].) There are a number of variants of ST that cause
secretory diarrhea by activating guanylyl cyclase (24, 57). Al-
though ST is poorly immunogenic, it has been fused to LT (9,
54, 55) and antibodies have been detected that recognize na-
tive ST and partially neutralize toxicity in vitro (9, 55). It
remains to be determined if these antibodies are protective in
vivo. Since ST is an analog of the naturally occurring peptide
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FIG. 5. Toxin distribution of ETEC isolates in the database.

guanylin and the receptor is widespread on epithelial cells (24,
57), it will be necessary to demonstrate that an immune re-
sponse to ST does not interfere with necessary functions in
humans by cross-reaction with guanylin.

Genes encoding LT and ST are carried on plasmids. Indeed,
ent (for enterotoxin) plasmids were among the first to be
associated with virulence (50, 53, 62, 65), and they played an
important role in our present appreciation of transmissibility
of virulence factors on plasmids and transposons. A single
plasmid often carries a toxin and CFA, for example, CFA/I and
ST (41, 44, 53), CFA/II and LT and ST (49, 50, 61), and
CFA/IV and ST (71). This survey of a larger number of ETEC
isolates than have been screened for plasmids supports the
associations of CFA and toxins; LTST was strongly associated
with CFA/II, and ST was associated with CFA/I and CFA/IV
(Table 4). I find these strong associations surprising consider-
ing the bits and pieces of insertion sequences and transposases
that flank the CFA operons that have been reported in the
database of DNA sequences. This suggests that genes encoding
toxins and CFA both arrived on transposons, elements that
provide independent transfer. One explanation for the associ-

TABLE 4. Occurrence and association of toxins and CFAs”

Total CFA
Toxin
N N, N Identity N,
LT 196 14 0 CFA/1 0
16 CFA/I1 4
10 CFA/IV 4
3 CS9 1
33 CS17 4
7 CS7 2
1 CFA/IIT 1
126 None 13
LTST 231 15 55 CFA/I 6
132 CFA/I1 14
11 CFA/IV 5
2 CS7 ?
1 PCFO159 1
1 PCFO166 1
29 None 8
ST 371 13 149 CFA/1 12
8 CFA/I1 3
168 CFA/IV 9
4 PCFO166 1
42 None 8

“ See Table 1, footnote a.

DISTRIBUTION OF ETEC ANTIGENS 581

TABLE 5. Widespread ETEC Phenotypes”

No. of No. of O sero- H sero-

1 . CFA Toxin
ocations occurrences group group
12 106 06 Hi16 CFA/II LTST
5 58 0153 H45 CFA/T ST
32 078 Hi12 CFA/T ST
16 0148 H28 CFA/IV ST
7 08 H9 CFA/II LTST
4 14 027 H7 CFA/IV ST
8 0169 H- CFA/IV ST
3 38 025 H? ND LT
21 08 H9 CS17 LT
18 078 Hi12 CFA/1 LTST
16 0128 H12 CFA/T LTST
10 06 H- CFA/II LTST
6 0126 H12 CFA/T ST
5 08 H- ND LT
4 06 H16 ND LTST

“ See Table 1, footnote a.

ations between toxin and CFA is that transposition occurred
long ago and “winning combinations” of toxin and CFA genes
persisted while sequences necessary for transposition became
corrupted over time.

ETEC isolates that express LT alone are the most likely to
lack any of the CFAs that have been screened for in the
collections, i.e., CFA/I, CFA/II, and CFA/IV. It seems likely
that unknown CFAs will be found on these ETEC. In partic-
ular, CS17 seems likely to be present in many of the LT iso-
lates. Only a few investigations have included a screen for
CS17 (39), but even these few studies have found CS17 to be
widespread and common.

COMBINATIONS OF ANTIGENS

The most widely distributed and most frequently occurring
ETEC phenotype was O6:H16 CFA/II LTST; it was found in
more than twice as many locations as any other phenotype but
still accounted for only 11% of the isolates (Table 5). O153:
H45 CFA/I ST, O78:H12 CFA/I ST, O148:H28 CFA/IV ST,
O8:H9 CFA/II LTST, O27:H7 CFA/IV ST, and O169:H—
CFA/IV ST account for 24% of the isolates in the database.
Their actual contribution is probably somewhat greater, since
some isolates lacked one phenotypic characteristic when tested
(for example O6:H— CFA/II LTST and O6:H16 CFA-negative
LTST), and these may have had the full phenotype during
infection; ETEC isolates readily lose CFAs and toxins during
storage. Even so, the fact that the most common phenotype
comprises such a low proportion of the database is one of the
striking features of ETEC; shigellae and salmonellac have
much less variety of phenotypes. The phenotypes are not clus-
tered by location but are widespread. Even phenotypes that
occurred in small numbers tended to be dispersed over distant
locations.

CONCLUSIONS

ETEC isolates express many serologically distinct antigens,
especially O and H. The most common O serogroup accounted
for only 16% of the isolates in the database, and so there were
a large number of phenotypes based on O serogroup, H sero-
group, CFA, and toxin. There was no evidence for clustering of
antigens by location; a given location yielded a variety of phe-
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notypes. Even though there was a large variety of antigens,
some common combinations were evident. These combina-
tions can be exploited for detection and vaccine development
against ETEC.

The diversity of O serogroups is particularly impressive, as is
the relatively small proportion of isolates lacking a defined O
antigen. This is undoubtedly related to the thorough work of
clinical microbiologists who have developed O serotyping as a
reliable method to differentiate pathogenic E. coli strains from
commensal isolates.

The characterization of CFAs is not as complete as the
characterization of O serogroups and deserves special atten-
tion. One goal of this review was to document the occurrence
of CFAs to determine whether the total number of CFAs is
small enough to make them attractive vaccine components and
to identify phenotypes of ETEC lacking defined CFAs so that
they can be further investigated. An important finding was that
the method of detection was responsible for a high proportion
of ETEC strains lacking CFAs. These data clearly suggest that
assays for CFAs should be based on assays involving enzyme-
linked antibodies, since the sensitivity of the method is critical
for detection. Probably the best assays will include polyclonal
antisera to detect antigenic variants, but this has not been
documented. Even the more sensitive assays have yielded an
unsatisfactorily high proportion of ETEC isolates lacking
CFAs in Peru (39) and Thailand (42). Further studies are
required to see if these sites have CFAs that have not yet been
defined. However, the relatively high proportion of ETEC
isolates with defined CFAs at the five other locations from
three continents suggests that the current compilation of CFAs
represents most of the ETEC.

Except for toxins, the data included for analysis are based on
recognition of antigens by antisera. Since epitopes may differ
by relatively minor alterations in primary sequence or slight
changes in conformation, some associations may exist that are
not apparent from the data. This is unlikely for CFAs because
the protein sequences have been directly determined or de-
duced and their relationships have been established in that way
(10). However, O and H serogroups may have relationships
that are not apparent from these data. The structures of some
of the more common O antigens have been determined, and
they appear distinct, at least to me. Efforts to develop common
epitopes for O antigens could be fruitful.

How some combinations of phenotypes became so wide-
spread is not clear. Perhaps there was a common strain dis-
seminated by human travelers, but many of these isolates were
recovered from infections in young, native inhabitants living in
remote locations, who were unlikely to have direct contact with
travelers. Unfortunately, data from multilocus enzyme electro-
phoresis (58), plasmid profiles, or outer membrane protein
patterns (36), which have been used to determine how closely
E. coli strains are related, are not available. A technique based
on PCR appears promising (47) but has not been widely ap-
plied yet.

The common antigens are potential targets of exploitation
for polyvalent vaccines against ETEC. Toxin- and CFA-based
vaccines would have the broadest coverage with the fewest
components, assuming that they can be developed as protec-
tive antigens. O and H antigens are too diverse to be practical
unless common epitopes can be identified and exploited. Vac-
cines based on LT and ST alone would cover all ETEC isolates.
LT is a promising antigen, but unfortunately ST is a poor
antigen, and the constructs that are being developed have yet
to be tested in humans. As for the CFAs, CFA/I, CS3, CS6, and
CS17 would cover more than 75% of the ETEC isolates in the
database. Addition of other pili may be indicated, if they
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are documented to be common. A pilus named longus has
been suggested as a potential vaccine component based on the
hybridization of an oligonucleotide DNA probe with 215 of 731
ETEC isolates (25). Longus is distinct from CFA and CS pili
and was detected in ETEC strains expressing CFA/I, CFA/II,
and CFA/IV as well as ETEC strains expressing none of these.
If it is a protective antigen, it would be an important vaccine
component.

Since most of the isolates that do not express CFA/I, CS3, or
CS6 express LT as the sole toxin, a combination of the CFAs
and an LT toxoid would cover 95% of the 988 ETEC isolates
in the database and at least 85% of 1,699 ETEC isolates re-
covered from the 18 sites. The combination of CFA/I, CS3,
CS6, and LT is therefore the most promising approach based
on this analysis of ETEC isolates from 18 locations. Since there
was generally not evidence for a predominance of one pheno-
type at one location, a polyvalent vaccine would be practical for
all locations.
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