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Colonization factors of diarrheagenic E. coil and their intestinal 
receptors 
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While Escherichia coil is common as a commensal organism in the distal ileum and colon, the presence of coloniz- 
ation factors (CF) on pathogenic strains of E. coil facilitates attachment of the organism to intestinal receptor mol- 
ecules in a species- and tissue-specific fashion. After the initial adherence, colonization occurs, and the involvement 
of additional virulence determinants leads to illness. Enterotoxigenic E. coil (ETEC) is the most extensively studied 
of the five categories of E. coil that cause diarrheal disease, and has the greatest impact on health worldwide. 
ETEC can be isolated from domestic animals and humans. The biochemistry, genetics, epidemiology, antigenic 
characteristics, and cell and receptor binding properties of ETEC have been extensively described. Another major 
category, enteropathogenic E. coil (EPEC), has virulence mechanisms, primarily effacement and cytoskeletal 
rearrangement of intestinal brush borders, that are distinct from ETEC. An EPEC CF receptor has been purified and 
characterized as a sialidated transmembrane glycoprotein complex directly attached to actin, thereby associating 
CF-binding with host-cell response. Three additional categories of E. coil diarrheal disease, their colonization factors 
and their host cell receptors, are discussed. It appears that biofilms exist in the intestine in a manner similar to oral 
bacterial biofilms, and that E. coil is part of these biofilms as both commensals and pathogens. 
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Introduction 

Escherichia coli is a Gram-negative, facultatively anaerobic 
rod, commonly found in the lower bowel of mammals and 
birds. The presence of E. coli in water and food is an indi- 
cator of fecal contamination. Dr Theodor Escherich, a Ger- 
man pediatrician, first identified Bacillus coli commune 
(now Escherichia coli) from normal infant feces in 
1885 [43]. Escherich initially considered E. coli a com- 
mensal, but later identified it as a cause of urinary tract 
infections. Further investigations have implicated E. coli in 
sepsis and newborn meningitis (for review of colonization 
factors of extraintestinal E. coli see [61]). E. coli was first 
implicated as a causative agent in diarrheal disease in 
1945 [15] after Shigella and Salmonella were ruled out in 
the indentification of pathogenic isolates from infants. E. 
coli diarrheal disease (ECDD) occurs world-wide, with 
deaths approaching 1 million per year. ECDD is primarily 
a problem in infants and children in developing countries, 
but adult travelers to those countries are also at risk. In 
developed countries, small outbreaks of ECDD occur in 
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child care settings, nursing homes and restaurants in which 
improperly prepared food is served. 

Five categories of diarrheagenic E, coli are currently 
recognized [95,167]: enterotoxigenic E. coli (ETEC), 
enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli 
(EHEC), enteroaggregative E. coli (EAggEC), and entero- 
invasive E. coli (EIEC). This categorization is based on 
virulence properties of the bacteria, such as elaboration of 
toxins and CF, and/or specific types of interactions with 
intestinal epithelial cells. 

Two central themes of microbial pathogenicity are that 
(i) pathogenic bacteria must attach to a eucaryotic cell sur- 
face, and (ii) this attachment involves interaction of an 
adhesin molecule with a receptor molecule [49]. By con- 
vention, the adhesin molecule is present on the microbe and 
the receptor molecule on the host cell surface. The terms 
colonization factor (CF) and colonization factor antigen 
(CFA) applied to ETEC, denote adhesins that promote the 
colonization of host tissues. The term putative colonization 
factors (PCF) is applied to adhesins for which a specific 
role in colonization has yet to be determined. CS (coli sur- 
face antigen) is an additional term in the E. coli CF litera- 
ture, and has been used to describe individual subcom- 
ponents of CFA/II and CFA/IV, or more recently identified 
CF, such as CS7 and CS17. CF is a functional term that 
encompasses all members of this group of adhesin and 
putative adhesin molecules. 

Adhesins take several forms, most often as distinct mor- 
phological structures called fimbriae (also known as pili) 
and fibrillae, but also as afimbrial, surface protein mol- 
ecules that have not been directly visualized. Fimbriae are 
non-flagellar filamentous appendages composed of repeat- 



ing protein subunits. They tend to be rigid rods of 4-10 nm 
diameter that are either evenly distributed on the surface of 
the bacterial cell (peritrichous) or found at one end of the 
cell (polar). The molecular weight of the subunits of ECDD 
CF fall within the range 14000-27000 Da (Table 1). In 
most cases, ECDD fimbriae are peritrichous, extending out- 
ward from the cell surface, with diameters of 6-8 nm, but 
bundle-forming pili (BFP) of EPEC [39,53,141], and 
Longus, an ETEC fimbria [55] are polar fimbriae. In con- 
trast to fimbriae, fibrillae are 2-4 nm in diameter, and are 
either long and wiry or curly and flexible. 

Adhesive properties of E. coli were first recognized in 
the early 1900s with the observation of hemagglutination, 
the adherence to and clumping of red blood cells (RBC) 
by certain strains of E. coli, but fimbriae were not associ- 
ated with this hemagglutination activity until 1955 [41]. 
Hemagglutination has proven useful for the detection of CF 
and for the identification of pathogens, but may also be 
useful in the determination of the CF carbohydrate receptor 
specificity. Assessment of binding to additional cell types 
and to tissues has provided an additional link to their role 
in virulence. The identification of specific receptor mol- 
ecules in cell and tissue binding has lagged behind the body 
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of data specifically on CF. The CF and the receptor mol- 
ecules are both logical targets for inhibiting the interaction 
between pathogen and host cell. Thus, the use of CF, CF 
analogs, receptors, or receptor analogs could prevent attach- 
ment of pathogens [134]. Alternatively, antibody to CF 
could block the initial adherence to the host cell. In fact, 
vaccine efforts focused on anti-CF immunity have been 
successful in farm animals [108] and are currently being 
evaluated in clinical trials in humans [146]. 

The study of bacteria present along the length of the ali- 
mentary tract [stomach, small intestine (duodenum, 
jejunum, ileum), and large intestine (proximal to distal 
colon)] shows that quantitative and qualitative differences 
exist. Although reports of the actual numbers of bacteria 
present at each region of the intestine vary, there is consen- 
sus that the numbers and variety of bacteria in the stomach, 
duodenum, and jejunum are low, are intermediate in the 
ileum, and in the colon are very high [83,109]. Variations 
in collection and culture methods used may account for the 
reported qualitative and quantitative differences; in parti- 
cular, variations may be due to improvements in the iso- 
lation and culture of anaerobes [1091. Several mechanisms 
appear responsible for maintaining lower numbers of bac- 

Table 1 Morphologic and size characteristics of colonization factors 

CF (species)[CFA] Morphology Diameter Subunit MW" Ref 
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EPEC 
BFP flmbrial, rod ND b 18734 D [39,53,I4I] 
AF/R1 (rabbit) fibrillar, rod 2-3 nm 16527 D [7] c 
EHEC 
unnamed fimbrial, rod ND 16000 P [79] 
EAggEC 
AAF/I fibrillar, rod 2.5 nm 15601 D [110, 115] 
ETEC: Non-human 
K88ab; ac; ad (pig) fibrillar, rod 2.1 nm 27539 D; 27328 D, 27533 D [78] 
K99 (calf, lamb, pig) fibrillar, rod 3.0 nm 16534 D [123] 
987P (pig) flbrillar, rod 2-3 nm 17204 D [33] 
ETEC: Human 
CFA/I [I] fimbrial, rod 7 nm 15074 D [45,82] 
CS1 [II] fimbrial, rod 7 nm 15246 D [118] 
CS2 [II] fimbrial, rod 7 nm 15421 M [25] 
CS3, CS3a a [II] flbrillar, flexible 2-3 nm 15 112 D & 15 246 M [25,70,96] 
CFA/III [III] flmbrial, rod 7-8 nm 25 309 D [66,149] 
CS4 [IV[ flmbrial, rod 6-7 nm 14961 M [25,164] 
CS5 [IV[ fimbrial, flexible 5-6 nm 18617 D [29,99] 
CS6 e [IV[ undetermined f - -  15058 D & 15877 D 
CS7 fibrillar, helical 3.5-6.5 nm 21500 P [100] 
CS17 fimbrial, rod 6-7 nm 17500 P [100] 
PCFO9 [CS13] flbrillar, flexible unknown 27000 P [100] 
PCFO20 fimbrial, rod 7 nm 25 000 P [156] 
PCFO148 fibrillar, curly 3 nm unknown [87] 
PCFO 159 fimbrial, rod 6-7 nm 18 600 P [ 145] 
PCFO 166 fimbrial, rod 6-7 nm 15 500 P & 17 000 P [ 100] 
2230 undetermined f - -  16000 P [30] 
8786 undetermined f - -  15 349 D [2,3] 
Longus fimbrial, rod 7 nm 22000 P [55] 

"Molecular weight determination: D, calculated from deduced amino acid sequence derived from DNA sequence; M, determined by etectrospray mass 
spectrometry ([25] and Cassels and PanneI1, unpublished); P, estimated by SDS-PAGE 
bND, not determined 
~ Cassels, unpublished, and Cantey, unpublished 
dCS3: two distinct polypeptides have been detected by protein sequencing [63] and mass spectrometry ([25] and Cassels and Pannell, unpublished) 
eCS6: two distJ[nct polypeptides have been detected by DNA and protein sequencing (Wolf and Gaastra, unpublished) 
fUndetermined: surface-detected, though non-fimbrial and non-fibrillar 
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teria in the small intestine: acidic pH in the stomach, peri- 
stalsis, and the gut associated mucosal immune system, 
especially secretory immunoglobulin A. When any of these 
mechanisms is impaired, malabsorption and diarrhea may 
occur [128]. Qualitatively, the genera and species of bac- 
teria change throughout the alimentary tract. In general, lac- 
tobaccilli, streptococci, and staphylococci predominate in 
the stomach and duodenum, whereas streptococci, Bacter- 
oides, and lactobaccilli predominate in the jejunum and 
proximal ileum. In the distal ileum and colon, the predomi- 
nant isolates are Bacteroides, Bifidobacterium, Eubacter- 
ium, Peptostreptococcus, and E. coil. Significant numbers 
of E. coli generally are not found until the distal ileum and 
colon; even there, E. coli are vastly outnumbered by other 
bacteria. The CF of ETEC and EPEC allow attachment and 
colonization of the bacteria in the small intestine, where 
they cause toxic effects or intestinal cell damage. EHEC, 
EAggEC, and EIEC adhere to the colon, where either toxic 
effects or invasion with cell damage occur. 

The intestinal flora, including E. coli, appear to constitute 
a biofilm, particularly through the use of CF for adherence 
and colonization, with similarities to biofilms of dental 
plaque bacteria (see Cassels et al [24], and others, this 
volume) and biofilms of Pseudomonas aeruginosa in the 
respiratory tract [120]. In this review, we briefly describe 
the major categories and pathogenic and virulence proper- 
ties of organisms responsible for ECDD, and we describe 
the CF associated with each category of ECDD, their gen- 
etics, and the receptors for the CF. 

ETEC 
ETEC is an important cause of traveler's diarrhea and 
causes an estimated 800000 infant deaths per year world- 
wide [10]. ETEC diarrhea is common in areas where fecal 
contamination of water and food occurs. Symptoms of 
ETEC infection result from heat labile toxin (LT) and/or 
heat stable toxin (ST) that cause net fluid secretion in the 
intestine. LT is closely related to cholera toxin, both struc- 
turally and functionally [60], and the symptoms of trav- 
eler's diarrhea and cholera are similar, although diarrhea 
caused by ETEC is generally less severe. A dose of 108 to 
10 l~ ETEC is necessary to cause diarrhea, as determined in 
human volunteer studies [146]. Typically, untreated infec- 
tions of travelers resolve in about one week when the 
mucosal immune system clears the pathogen. Studies in 
volunteers have demonstrated that protection against rein- 
fection with a homologous strain occurs after initial ETEC 
infection [94]. The importance and prevalence of ETEC 
were recognized in the late 1960s, and a large body of 
information on the epidemiology, genetics, biochemistry, 
and immunochemistry of ETEC CF has accumulated. Thus, 
ETEC will be covered in greatest depth in this review. 

Eighteen CF from human ETEC have been described 
(Table 1), and this number is likely to increase. Although 
they are named as colonization factors, their role in E. coli 
colonization in humans has not been rigorously tested. 
Some CF have been tested in animal models; others have 
been regarded as CF based on their binding to cells or tis- 
sues (Table 2). 

The first CF to be described from a human ETEC was 

CFA/I. It was from a strain recovered from a patient with 
severe cholera-like diarrhea in Dacca, Bangladesh [47]. 
CFA/I is a rigid fimbrial rod, with a diameter of 7 nm 
(Table 1) which functions as a CF in infant [47] and adult 
rabbits [1]. The second CF from ETEC was named 
CFA/II [46], but it was later found to be a mixture of either 
CS1 and CS3, or CS2 and CS3 [140]. CS1 and CS2 are 
rigid rods with diameters of 7 rim, but CS3 is a flexible 
fibrilla with a diameter of 2-3 nm. CFA/III was described 
in 1984 and is a fimbria with a diameter of 7-8 nm [66]. 
CFA/IV [152] was found to be a mixture of CS4 and CS6, 
CS5 and CS6, or CS6 alone [153]. CS4 and CS5 are tim- 
briae, but the structure of CS6 is undetermined [88,164]. 
CS6 is a CF in the reversible intestinal tie adult rabbit 
diarrhea model [144]. These are the most-studied CF from 
human ETEC. 

Additional fimbrial (CS17, PCFO20, CFO159, and 
PCFO166), fibrillar (CS7, PCFO9, and PCFO148) and 
undetermined (22230 and 8767) CF have been identified 
(Tables 1 and 2). The names of these CF from ETEC have 
not continued the pattern of 'CFA' (Table 1). Often they 
are first named 'PCF' as putative colonization factors which 
may then be superseded by another name. For instance, 
CFA/IV was first called PCF8775 [106], and PCFO9 is 
also called CS13 [32]. The lack of systematic naming is 
unfortunate and not easily remedied. 

Most of the human ETEC CF have demonstrated binding 
activities (Table 2) by the hemagglutination of bovine, 
human, guinea pig and chicken RBC, and/or by the binding 
of bacteria to human enterocytes or to human cell lines. 
Mannose is routinely added to inhibit hemagglutination by 
Type 1 fimbriae (not to be confused with CFA/I), the com- 
mon or somatic fimbriae which are produced by almost all 
E. coli [85], but have no clear role in pathogenesis. 

The study of the domestic animal ETEC strains bearing 
K88, K99 and 987P (Tables 1 and 2) has provided a valu- 
able contribution to the ETEC literature. These CF and 
additional domestic animal ETEC CF, such as F41, CS31A, 
CS1541, F17, F42, F141, F165, 2134P, and 8813 have been 
reviewed elsewhere [32,108]. 

ETEC: Phenotype and distribution 

Characteristics of ETEC from Asia [6,26,57,104, 
105,133,154], South America [9,59,104], the Mid 
East [166], Africa [104] and Europe [11,12,56] have been 
published, but surveys of ETEC have not been geographi- 
cally comprehensive, resulting in underrepresentation of 
certain areas. These ETEC were screened for CF, O:H sero- 
type and toxins. Screening for CF was limited to those that 
had been identified at the time of the study, and CF to 
which antibody or DNA probes were utilized by the investi- 
gator. Most studies included the identification of CFA/I, 
CS1, CS2, CS3, CS4, CS5, and CS6. 

CFAfI, CS3, and CS6 have been found as the sole CF 
on many ETEC, but with rare exceptions, CS1 is found 
only with CS3, CS2 with CS3, CS4 with CS6, and CS5 
with CS6. In one survey from the Middle East these seven 
CF were detected on 75% [166] of the ETEC while in a 
survey from Southeast Asia, these CF accounted for only 
23% [154]. Indeed, the lack of known CF on ETEC in 
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Table 2 Binding characteristics of colonization factors of ECDD organisms 

CF (species)[CFA] Hemagglutination" Tissue/cell line b Ref 

217 

EPEC 
BFP Hum O HEp-2 [53] 
AF/R 1 (rabbit) None Rab BB [28] 
EItEC 
unnamed None Henle 407 [79] 
EAggEC 
AAF/I Hum A, Rat, Mo HEp-2, Colonocytes [89,110,115] 
ETEC: Non-human 
K88ab (pig) Chk, Pig, Rab Pig BB, Hum Ent [8, 158] 
K88ac (pig) GPig Pig BB, Hum Ent [8,158] 
K88ad (pig) Pig, GPig Pig BB, Hum Ent [8,158] 
K99 (calf, lamb, pig) Hum, Shp, Hor, GPig Pig BB [158] 
987P (pig) None Rab BB, Pig BB [36] 
ETEC: Human 
CFA/I [I] Bov, Hum A, Chk Hum Ent, Caco-2 [27,31,44] 
CS1 [II] Bov c Hum Ent, Caco-2 d [31,86] 
CS2 [II] Bov Hum Ent [86,138] 
CS3, CS3a [II] Boy Hum Ent, HT-29 [86,112] 
CFA/III [III] None Hum Ent [66,88] 
CS4 [IV] Bov, Hum A Hum Ent [88,152] 
CS5 [IV] Bov, Hum A Hum Ent [88,99] 
CS6 [IV] None HeLa [59] 
CS7 Bov, Hum, GPig Hum Ent [100] 
CS 17 Boy None [ 100] 
PCFO9 (CS13) Hum, Chk Hum Ent, Buc Epb [100] 
PCFO20 n.d. ~ Caco-2 [ 156] 
PCFO148 None Hum Ent [87] 
PCFO 159 None n.d. e [ 145] 
PCFO166 Bov, Hum Hum Ent [100] 
2230 None Hum Ent, Caco-2 [30,31] 
8786 Boy, Hum Hum Ent, Caco-2 [2] 

aMannose-resistant hemagglutination: Boy, Bovine; Chk, chicken; GPig, guinea pig; Hot, Horse; Hum A, human A; Hum O, human O; Hum, human 
(type not given), Mo, mouse; Shp, sheep 
bRab BB, rabbit intestinal brush borders; Pig BB, pig intestinal brush borders; Hum Ent, human enterocyte binding; Buc Eph, buccal epithelial cells 
~ and Cassels, unpublished 
dHum Ent, adherent to human enterocytes by a strain also bearing CS3 
en.d., not done 

these studies has led to discovery of new CF such as 
PCFO166 [101], CS17 [103], and PCFO159 [145]. Per- 
haps testing for these CF will increase the number of ETEC 
with defined CF. 

For many years, serotyping was the only means of ident- 
ifying pathogenic E. coli and data on O:H serotypes demon- 
strate the variety of ETEC. Some combinations of antigens 
are common on ETEC (Table 3), but 110 combinations 

have been reported from the geographic areas cited at the 
beginning of this section. A given CF may be expressed in 
a variety of serotypes; 37 O:H serotypes have been reported 
with CFA/I, 35 O:H serotypes with CS6, and 19 O:H sero- 
types with CS3. Why certain specific combinations of anti- 
gens are widespread, and thus not randomly distributed, and 
also how the antigens may interact for enhanced virulence 
is not known. Clearly though, ETEC have a large variety 

Table 3 Characteristics of most commonly reported ETEC ~ 

CF Serotype Toxin Distribution 

CFA/I O78:H12 LTST or ST Asia, South America 
CFA/I O126:H12 ST Asia 
CFA/I O128:H12 LTST or ST Asia, Mid East 
CFA/I O153:H45 ST Mid East, Europe, South America 
CS3/CS1 or CS3/CS2 O6:H16 LTST Asia, Mid East, South America 
CS3 O8:H9 LTST Asia, Mid East, South America 
CS6 or CS6/CS4 O27:H7 ST Mid East, Africa, South America 
CS6 O148:H28 ST Asia, Mid East, South America 
CS6 O169:H b ST Asia, South America 
CS17 O8:H9 LT Asia, Africa, South America 

aReported from at least three countries 
bH serogroups undefined or nonmotile 
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of surface antigens with O serogroups showing the greatest 
variation, followed by H serogroups, CF, and toxins. 

Only a few CF of EPEC, EHEC, and EAggEC have been 
described and their distribution has not been studied as tho- 
roughly as ETEC, so it remains to be seen if the CF of 
these pathogenic E. coli are as varied and widespread as 
those from ETEC. 

EPEC 

EPEC primarily affect infants under one year of age, with 
infection resulting in diarrhea with mucus, vomiting, fever 
and malaise that may persist for weeks [40]. A global dis- 
tribution of EPEC is reported, including reports from child- 
care settings in the United States [40]; a high infant mor- 
tality due to EPEC in developing countries is common. The 
pathogenesis of EPEC has been conceptualized as a three- 
stage process: (1) localized adherence, the fimbrial- 
mediated stage of attachment to intestinal epithelial cell 
brush borders; (2) effacement of brush border microviUi, 
including the cytoskeletal rearrangement of the brush bor- 
der, with sloughing and elongation of the microvilli, hence 
the characteristic attaching and effacing lesions; and (3) the 
close attachment stage, with the accumulation of actin and 
other cytoskeletal proteins under the bacterial cell resulting 
in the appearance of a cup-like pedestal seen in electron 
micrographs [40]. So far, two virulence factors have been 
identifed which may have roles in EPEC attachment to 
epithelial cells. Initial adherence appears to be the result of 
bundle-forming pilus (BFP)-mediated attachment [40,531, 
and an integral membrane protein of 94 kD, termed intimin, 
is involved in the close attachment stage of EPEC patho- 
genesis [72]. In studies of adult volunteers, EPEC instilled 
directly into the duodenum, but not into the large intestine, 
caused diarrhea [90,91], suggesting that specific receptor 
molecules for initial fimbrial-mediated attachment may be 
present in the duodenum but not in the colon. 

Two CF from EPEC have been described. The first is 
the bundle-forming pilus (BFP) [39,54,157], named for its 
characteristic association into bundles as seen by electron 
microscopy. BPF are responsible for the first stage of EPEC 
pathogenesis mentioned in the preceding paragraph and for 
localized adherence in tissue culture assays. BFP occur in 
human EPEC of a variety of serotypes that cause localized 
adherence, but do not occur on EHEC, ETEC, or 
EIEC [52,141]. AF/R1, the second EPEC CF is a CF from 
strain RDEC-1, causing a diarrheal illness in rabbits that 
resembles EPEC infection in humans [17,147,148]. AF/R1 
is an adhesin that imparts species-specificity for rabbit 
intestine [7,68,98,121,135] and has been shown to be a 
virulence factor for RDEC-1 in vivo [18,163]. If AF/R1 is 
replaced by CF specific for human tissue, RDEC-1 interacts 
with cultured cells derived from humans just as EPEC 
do [19,71]. AF/R1 have not hemagglutinated any tested 
RBC, but do adhere to rabbit small intestine brush borders 
and isolated microvilli, while EPEC expressing BFP hem- 
agglutinate human O RBC and bind to HEp-2 ceils 
(Table 2). 

EHEC 
In most cases, EHEC cause a non-bloody diarrhea lasting 
for about one week, but EHEC disease may progress to 
hemorrhagic colitis and some individuals develop hemo- 
lytic-uremic syndrome (HUS), a condition characterized by 
renal failure, anemia, and severe thrombocytopenia. EHEC 
disease causes an estimated 200-400 deaths annually in 
North America and has been reported from multiple conti- 
nents. Young children and elderly adults seem to be 
especially susceptible to EHEC. Ingestion of contaminated 
food, primarily ground beef, is the most common route of 
infection. Serotype O157:H7 accounts for 80% of the 
reported cases, but testing for other serotypes has been 
spotty and they may be more common than is presently 
appreciated. Less than i00 bacterial cells of O157:H7 are 
needed to induce disease in humans, reflecting a high infec- 
tivity and virulence and accounting for outbreaks. EHEC 
reside as commensals in the alimentary tract of cattle, sheep 
and goats. Initially reported in 1982, EHEC incidence 
reporting has risen sharply in recent years. EHEC possess 
at least two unique putative virulence determinants: 
(1) fimbriae that mediate attachment to intestinal epithelial 
cells, (2) cytotoxins similar to Shiga toxin in structure and 
function (Shiga-like toxin; SLT). EHEC, like EPEC, induce 
the three stages of attachment, effacement and close adher- 
ence to host intestinal epithelium and express the intimin 
protein. The potent SLT produced by EHEC is believed to 
be responsible for the severe clinical manifestations, 
hemorrhagic colitis and HUS. For a current review of this 
important pathogen, see [114]. 

A fimbria from EHEC serotype O157:H7 has been pur- 
ified and partially characterized (Tables 1 and 2) [79]. This 
fimbria is encoded on a 60-MDa plasmid, is a rigid rod 
with subunit molecular mass of 16000 Da, and does not 
cross react antigenically with CFA/I or BFP. This EHEC 
fimbria did not hemagglutinate a panel of RBC, including 
human A, bovine, guinea pig, horse, cow, and chicken, but 
mediated adherence to Henle 407 intestinal epithelial cells. 

EAggEC 
A group of E. coli isolated from children with persistent 
diarrhea (greater than 14 days duration) fall into a category 
of ECDD organisms termed EAggEC. EAggEC adhere to 
cultured HEp-2 cells in a 'stacked-brick' appearance and 
adhere to human colonic mucosa. Two putative virulence 
determinants are characteristic of EAggEC: a bundle- 
forming fimbria responsible for the aggregative adherence, 
termed AAF/I, and a novel heat-stable enterotoxin. EAg- 
gEC primarily affects children from less-developed coun- 
tries, although EAggEC has been isolated in Great Bri- 
tain [131]. 

Knutton et al [89] studied 44 EAggEC strains for hem- 
agglutination, HEp-2 cell binding, and binding to human 
intestinal cells. Forty-three strains hemagglutinated RBC, 
and 43 strains bound to human colonocytes but not to duo- 
denal enterocytes. By electron microscopy, four different 
fimbrial types were identified on this group of EAggEC, 
including AAF/I [89]. AAF/I, the only EAggEC fimbria 
isolated and characterized to date, has been cloned and 
sequenced [129], and is discussed below. 



EIEC 

EIEC is not a common cause of diarrhea, except in Brazil 
(for unknown reasons), although a few large outbreaks have 
occurred in more developed nations. Clinically, EIEC is 
indistinguishable from shigellosis with dysentery or profuse 
diarrhea, fever, abdominal cramps, and chills being pro- 
minent symptoms. EIEC invade and multiply inside 
enterocytes, kill the cells in a manner similar to Shigella, 
and share many biochemical, antigenic and genetic charac- 
teristics of Shigella. EIEC and Shigella both depend on a 
140-MD plasmid coding for the production of several outer 
membrane proteins involved in invasiveness. No CF or 
receptors of EIEC have been identified. Refer to [62] for 
current review of EIEC. 

Genetics of CF 

Of the CF discussed in this review, the DNA sequences of 
all genes necessary for synthesis and assembly of seven 
CF, CFA/I [75], CS1 [51,77,118,132], CS3 [13,70], CS6 
(Wolf and Gaastra, unpublished), K88 [4,5,67,107], 
K99 [4,122,124,125,137], and AAF/I [129] are known 
(Figure 1). In all cases, the genes for structural subunits 
and genes for assembly are transcribed in the same direc- 
tion. The genes probably are in operons, with some mech- 
anism for enhanced expression of the major structural 
subunit [76], although this has not been proved experimen- 
tally in all cases. DNA sequences limited to the genes for 
the structural proteins of CFA/III [149], CS5 [291, 
8786 [3], BFP of EPEC [39,141], 987P [33], and 
AF/R1 ([165], Cantey, unpublished) have been determined. 
Most likely they are component parts of operons containing 
additional genes for assembly. 

Analysis of the DNA sequence data suggests that there 
are four groups of ECDD CF. One group includes CS3, 
CS6, K88, K99, and AAF/I. They all have genes for struc- 
tural subunits, chaperones for delivering the subunits across 
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the periplasm in the correct conformation, and ushers to 
deliver subunits to the bacterial surface, where they may 
be inserted into the growing structure (Figure 1). This 
scheme has been well defined for K88 and K99 [4] as well 
as for P fimbriae that occur on E. colt from urinary tract 
infections and are the prototype for this group [73]. There 
are conserved patterns of amino acids at the C-terminus of 
structural subunits utilized in interactions with the chapa- 
tone protein, but the subunit proteins are antigenically dis- 
tinct [136]. 

CFA/I and CS1 are members of a different group. The 
DNA sequences of genes for subunits and accessory genes 
have significant homology distinct from the above group 
and DNA hybridization data suggest CS4 and PCFO166 
are also members of this group [143]. Limited antigenic 
cross reactivity [102,126,127] of the proteins may be a 
result of similarities in the N-terminal sequences (Figure 
2a). The DNA and protein data taken together suggest the 
group includes CFA/I, CS1, CS2, CS4, CS17, and 
PCFO166. 

CFA/III [149] and BFP [39,141] belong to neither of 
these groups, but their DNA sequences show they are mem- 
bers of the Type IV pili family [149]. Type IV pili are 
distinguished by a unique signal sequence on the structural 
snbunit gene that functions in export to the outer surface 
of the bacterial cell and by a characteristic amino acid 
sequence at the N-terminus. Type IV fimbriae have been 
found in Vibrio cholerae, Neisseria gonorrhoeae, Pseudo- 
monas aeruginosa, and a few other Gram-negative bac- 
teria [151]. Another Type IV pitus has been found in 
ETEC and named Longus [55]. The DNA sequence of 
Longus is not available, but the amino acid sequence of the 
first 20 residues is identical to CFAflII. It is possible that 
Longus is CFA/III, but the geographic distribution of 
Longus compared to CFA/III suggests they are distinct 
CF [55,149]. See Figure 2b for comparison of the N-ter- 
minal sequences of these three E. colt Type IV fimbriae 
from E. colt that cause diarrheal disease. 
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Figure I Maps of genes for CF expression. Oene names are given in 
parentheses. Transcription is from right to left, filled boxes indicate struc- 
tural subunits and genes with significant homologies are represented with 
like patterns: ~-E]~ accessory protein, ~ assembly protein, 
assembly protein, ~ chaperone, [5[[~ usher, ~ undefined function, 
kb, kilobase pairs 
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Figure 2 (a) N-terminal sequences of CF in ETEC group consisting of 
CFA/I, CS1, CS4, PCFO166, CS2, CS17. Hyphens indicate amino acid 
identity with CFA/L Sequence references: CFAE [23,82], CS1 [i 18], CS4 
([164] and Cassels and Carter, unpublished), PCFOI66 [143], CS2 [84], 
and CS17 [92]. (b) N-terminal sequences of Type IV fimbriae of 
diarrbeagenic E. coll. Hyphens indicate amino acid identity with CFA/III. 
Sequence references: CFA/III [149], Longus [55], and BFP [39] 
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CS5 may be unique and not belong to any of these famil- 

ies. Only the structural subunit has been characterized [29], 
but the DNA sequence of the structural subunit is not simi- 
lar to the group that includes CFA/I and also lacks the con- 
served pattern characteristic of Type IV pili or the C-ter- 
minus for interaction with chaperones, although there is 
some homology with F41 [29]. There is antigenic cross 
reactivity between CS5 and CS7 [64], so these may be 
members of the same group. 

Regulation of CF expression is currently being defined, 
both in terms of environmental stimuli and mechanism of 
regulation. It has been known for some time that CF are 
expressed at 37~ and less well at lower tempera- 
tures [34,140]. The usual growth medium for expression 
of ETEC is CFA agar plates, but some require bile 
salts [100,143]. CFA/I expression is repressed by glu- 
cose [81] and high iron concentrations [80]. Expression of 
K99 is reduced in the presence of leucine via Lrp [14], a 
regulator of a number of diverse proteins in E. coli [113]. 
Expression of AAF/I (measured by a marker gene) is 
enhanced at low pH, low iron concentrations, anaerobiosis, 
and growth temperatures of 30 ~ to 37~ [ I l l ] .  There are 
no systematic studies that have determined whether these 
conditions regulate expression of other CF. 

Proteins that function as positive regulators increase 
expression of CF: CFA/I is regulated by CfaD [130], (also 
called CfaR [22]), CS1 by Rns [20], CS4 by CsvR [35] 
and CsfR (Wolf, unpublished), and AAF/I by AggR [111]. 
The DNA sequences of the five genes for these regulatory 
proteins are very closely related, and DNA hybridization 
experiments have shown that homologous genes are present 
in ETEC expressing CFA/I, CS1, CS2, CS4, and 
PCFO166 [21,65,142], suggesting that all CF in this group 
share a common regulator. The common regulator hypoth- 
esis has been confirmed by demonstrating that a positive 
regulator transferred from an ETEC expressing one CF can 
enhance expression of another CF [22,35,58,111, 
130,143,162]. To date there is no published evidence that 
the positive regulators affect expression of fimbriae other 
than those in the CFA/I group in ETEC, although AggR 
from EAggEC enhances expression of AAF/I [111]. 

The mechanism for positive regulation by these proteins 
is currently under investigation. The proteins bind to DNA 
in a way that enhances transcription of their target genes. 
They belong to a family of positive regulators that include 
araC, rhaR, rhaS, toxT, appY, and virF, which are positive 
regulators for expression of a variety of genes in E. coli, 
Vibrio cholerae, Shigella, and Yersinia enterocolit- 
ica [20,130]. 

Temperature regulation of CFA/I expression is mediated 
through the interaction of CfaD, a protein named H-NS, 
and the promoter DNA that is upstream of the CFA/I 
genes [74]. Rns has been found to be a positive regulator 
of its own expression by interfering with negative regu- 
lation by an unknown factor [50]. How these positive regu- 
lators respond to environmental signals known to regulate 
CF is not understood. 

Receptors for CF 

Receptor molecules for E. coli were among the first specific 
CF receptor molecules identified. P fimbriae of uropatho- 
genic E. coli utilize glycolipids containing the Galo~(1--4) 
Gal sequence, while S fimbriae of E. coli meningitis strains 
utilize glycoproteins with terminal NeuAco~(2-3)Gal as 
receptor molecules. Most of the work on identification and 
characterization of CF receptors comes from non-target tis- 
sues, such as erythrocyte inhibition or recognition of a gly- 
coprotein or glycolipid from a non-target tissue (Table 4). 
Methods are available to detect receptor-mediated binding 
of the bacteria to a glycoprotein after electrotransfer to 
nitrocellulose from a polyacrylamide gel, and to detect 
binding to glycolipids separated on thin-layer chromato- 
grams with an overlay of bacteria (Table 4). Although 
receptor molecules can be isolated from erythrocytes and 
other cells, and the fine specificity of the adhesin interaction 
with the receptor determined, the receptor molecule in the 
true target tissue likely will not be identical. With carbO- 
hydrate microheterogeneity commonly occurring in glyco- 
proteins, the carbohydrate portion in a 'true' receptor mol- 
ecule will be similar but may not be identical to that 
isolated from non-target tissue. The protein portion of the 
molecule may in particular bear little resemblance to the 
receptor protein of the target tissue. Microheterogeneity is 
not a concern in the situation where a glycolipid is ident- 
ified as a receptor molecule, but a glycolipid receptor found 
in a non-target tissue may not be present in the target tissue. 
While the information obtained from the identification of 
receptors of non-target tissue is of value, especially for cF  
carbohydrate specificity determination, purification and 
characterization of receptors from target tissues yield the 
data of greatest biological and pathogenic significance. 

Several studies have been done on receptors isolated 
from the true target tissue. For example, both glycoprotein 
and glycolipid receptors from pig intestine that are specific 
for K88ac, K99 and 987P have been purified and partially 
characterized. In addition, the receptor for AF/RI has been 
purified and characterized from rabbit small intestine. 
Characteristics of the AF/R1 receptor suggest that it con- 
tributes to EPEC pathogenesis in an interesting way as is 
discussed below. No specific receptor molecules have been 
identified for CF from EHEC, EAggEC, or EIEC. 

Human ETEC receptors 
Both glycoprotein and glycolipid receptor molecules for 
CFA/I have been identified from human cells (Table 4). 
The 26-kD glycoprotein glycophorin A was purified from 
RBC and identified as the receptor molecule [119]. GM2 
inhibition of hemagglutination was used by Faris et al [48] 
to identify a glycolipid receptor for CFAB, and they 
showed that sialidase treatment of RBC abolished binding 
of CFA/I positive bacteria. GM2 adsorbed to gold particles 
was shown in electron micrographs to bind directly to 
CFA/I [16]. 

In a preliminary study, Ore et al [116], identified asialo- 
GM1 as a glycolipid receptor for CS1, CS2, CS3 and CS4. 
Adherence to glycoproteins from rabbit intestine and 
human intestinal cell line HT-29 has also been examined; 
a rabbit protein of 120-140 kD recognized by CS3, CS7 
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Table 4 Detection and identification of colonization factor receptor molecules 

Colonization factor Detection of adherence ~ Receptor type Receptor identity b Carbohydrate specificity b Ref 
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EPEC 
AF/R1 Rab intestine glycoprotein 
ETEC: Non-hmnan 
K88ac Pig intestine glycoprotein 
K88ab TLC assay glycolipid 
K99 Horse RBC glycolipid 

Pig intestine glycolipid 
987P Rab intestine glycoprotein 

Piglet intestine glycolipid 
ETEC: Human 
CFA/I Human RBC glycoprotein 

HA inhibition glycolipid 
Blot binding protein 

CS1 TLC assay glycolipid 
CS2 HA inhibition unknown 

TLC assay glycolipid 
CS3 TLC assay glycolipid 

Blot binding protein 
Blot binding protein 

CS4 TLC assay glycolipid 
CS7 Blot binding protein 
CSI7 Blot binding protein 

130 and 140 kD NeuAc [121] 

210 & 240 kD unknown [42] 
Gal/31-Cer, others Gal /31- [117] 
hematoside NeuGc [ 139] 
NeuGc-GM3 unknown [ 150] 
14 kD GlcN, GalN, ManN [37] 
lac-cer, sulfatide unknown [38] 

glycophorin A NeuAc [119] 
GM 2 unknown [48] 
HT 29 30-35 kD NeuAc [160] 
asialo-GM~ unknown [116] 
unknown NeuAc [138] 
asialo-GM~ unknown [ 116] 
asialo-GM~ unknown [ 116] 
HT 29 30-35 kD NeuAc [160] 
120-140 kD GalNAc/31-4Gal [ 161 ] 
asialo-GMl unknown [116] 
Rab BB I20-140kD unknown [159] 
Rab BB 120-I40 kD unknown [159] 

"TLC assay, overlay of bacteria onto glycolipids separated by thin-layer chromatography; HA inhibition, hemagglutination inhibition; Blot binding, 
overlay of bacteria onto proteins separated by SDS-PAGE and electrotransfer to nitrocellulose 
bGlycolipids: Cer, ceramide; hematoside, Neu5Gca2-3Gal-/31-4Glc-/31-1 ceramide; lac-ser, lactosylceramide- Gal/31-4Glc/31-1 cerarmde; sulfatide, 
SO3Gal/31-1 ceramide 
~ abbreviations: NeuAc, N-Acetyl neuraminic acid; Gal, galactose; HA, hemagglutinin; RBC, red blood cell; NeuGc, N-Glycolyl neuraminic 
acid; GlcN, N-Acetyl glucosamine; GalN, N-Acetyl galactosamine; ManN, mannosamine 

and CS17 [159], and HT-29 proteins in the size range of 
30-35 kD were recognized by CFA/I and CS3 [160]. The 
binding of CFA/I and CS3 to the HT-29 proteins, but not 
CS3 binding to rabbit proteins, was abolished on treatment 
of the transblot with sialidase [160]. Further studies on the 
binding specificity of CS3 showed that binding of CS3 
could be inhibited by the galactose-specific lectin from the 
plant Maackia amurensis, and by GM1, asialo-GM1, and 
GM2 ganglJiosides [161]. The common carbohydrate moi- 
ety of the glycolipids, ie GalNAc/31-4Gal, was found to 
bind to CS3-expressing bacteria, and when immobilized on 
nitrocellulose, CS3-expressing bacteria adhered to it [161]. 

Human EPEC receptors 
BFP, the EPEC fimbria responsible for localized adherence 
[391, hemagglutinate human O RBC and bind to cultured 
HEp-2 cells (Table 2), but a specific receptor molecule has 
not been identified. Strain E2348/69 (O127:H6) and other 
EPEC strains responsible for localized adherence bind to 
glycolipids containing the GalNAc/31-4Gal binding epi- 
tope [69]. Additional localized adherent strains of EPEC 
not tested in the above study adhered to Chinese hamster 
ovary cells in a lactosamine Gal/3(1-4 or 1-3)GlcNAc/3 
dependent manner and caused actin accumulation and 
invasion of the cells [155]. While the data appear to be 
inconsistent, additional studies should resolve whether BFP 
is responsible for either binding activity, and whether 
additional adhesins are involved in EPEC initial stage 
adherence. 

AF/R1 receptor 
The receptor for the AF/R1 pilus-mediated adherence of 
RDEC-1 has recently been purified from enterocytes of rab- 
bit small intestine and characterized as a three-component 
glycoprotein complex linked to the cytoskeleton [93,121]. 
Rafiee et al [121], identified the receptor by demonstrating 
that radiolabeled RDEC-1 adhered to ileal brush borders 
and microvilli, but not to the terminal web. The receptor 
could then be released and purified from microvilli only by 
treatments that indicated the receptor was intimately associ- 
ated with the cytoskeleton (detergent with high salt or 
detergent and ATP). The role of carbohydrate, and in parti- 
cular sialic acid, in RDEC-1 binding to brush borders was 
demonstrated by the diminished binding to brush borders 
on pretreatment with periodate and by a dramatic reduction 
in binding by pretreatment with sialidase or inhibition of 
the interaction with free sialic acid [121]. The addition of 
free AF/R1 fimbriae or antibody to the fimbriae blocked 
binding, demonstrating that AF/R1 was responsible for 
RDEC-1 binding. The complex consists of two glyco- 
proteins of 130 and 140 kD and a third protein of 130 kD, 
which appears to be brush border myosin 1. Apparently, 
the two glycoproteins span the membrane, with the extra- 
cellular portion exposing the carbohydrate needed for 
AF/R1 binding, and the intracellular portions are firmly 
attached to the cytoskeleton via brush border myosin 1. It is 
unknown at present what normal cellular role this receptor 
complex plays, but adherence of AF/R1 to this receptor 
provides close access of the RDEC-1 bacteria to the cyto- 
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skeleton and probably contributes to the dramatic 
rearrangement seen in stage 2 and stage 3 EPEC disease. 
AF/R1 are not necessary for the cytoskeletal rearrangement 
since a mutant lacking AF/R1 still makes A/E lesions 
in vivo, but the mutation clearly results in attenu- 
ation [161]. 

Conclusions 

Several CF from E. coli associated with diarrheal disease 
have been identified. Characterization of these CF is rather 
uneven, both in terms of structure and function as 
adhesions. Some CF, particularly those recently identified, 
have been only partially characterized. Others, such as 
CFA/I, K88, and K99, have been studied in detail, so their 
structure, genetics, carbohydrate binding properties, and 
receptors are known. With the genetic data has come an 
appreciation for the biogenesis of CF, including the proteins 
involved and their specific roles, as well as the primary 
structure of each of the proteins. From the primary structure 
of CF, immunochemical and functional interpretations are 
possible. In contrast, the literature covering receptors of CF 
is not nearly as complete, primarily because of the difficulty 
in obtaining appropriate tissues as source material. Only 
AF/R1, a fimbria from an EPEC that is restricted to rabbits, 
has been associated with a receptor that has an association 
with the pathogenic process. We anticipate that as more 
receptors are identified and extensively characterized, and 
the glycoprotein and glycolipid topology of the intestine 
more extensively mapped, a greater appreciation for the 
molecular basis of adhesion of bacteria to intestine and bet- 
ter overall understanding of the microbial ecological 
environment of the gut will result. Of significant additional 
value may be future discoveries leading to treatment and 
prevention of disease caused by E. coli. 

Acknowledgements 

This research was supported in part by Veterans Adminis- 
tration (VAt/Department of Defense grants with VA collab- 
orators Drs Young Kim, Martin Sax, and Robert Cantey, 
in San Francisco, Pittsburgh, and Charleston, respectively. 
We thank Drs Lewis Pannell, National Institute of Diges- 
tive Diseases and Kidney, NIH, J Mark Carter, Biochemis- 
try, WRAIR, and Hyoik Ryu, Gastroenterology, WRAIR, 
for valuable collaborations on mass spectrometry, protein 
sequencing, and ETEC hemagglutination, respectively. The 
authors thank Drs Charles McQueen, WRAIR, William 
Brown, VA Medical Center, Denver, and Mr David Mane- 
val, Center for Vaccine Development, Baltimore, for criti- 
cally reading the manuscript. In addition, we thank Dr 
Edgar Boedeker, VA Medical Center, Baltimore for support 
and lively discussions on many of these topics. 

R e f e r e n c e s  

1 Ahr6n CM and AM Svennerholm. 1985. Experimental enterotoxin- 
induced Escherichia coli diarrhea and protection induced by previous 
infection with bacteria of the same adhesin or enterotoxin type. Infect 
Immnn 50: 255-261. 

2 Aubel D, A Darfeuille-Michaud and B Joly. 1991. New adhesive 

factor (antigen 8786) on a human enterotoxigenic Escherichia coli 
O117:H4 strain isolated in Africa. Infect Immun 59:1290-1299 

3 Aubel D, A Darfeuille-Michaud, C Martin and B Joly. 1992. Nucleo- 
tide sequence of the nfaA gene encoding the antigen 8786 adhesive 
factor of enterotoxigenic Escherichia coli. FEMS Micro Lett 77: 
277-284. 

4 Bakker D, CE Vader, B Roosendaal, FR Mooi, B Oudega and FK 
de Graaf. 1991. Structure and function of periplasmic chaperone-like 
proteins involved in the biosynthesis of K88 and K99 fimbriae in 
enterotoxigenic Escherichia coll. Mol Microbiol 5: 875-886. 

5 Bakker D, PTJ Willemsen, RH Wiltems, TT Huisman, FR Mooi, B 
Oudega, F Stegehuis and FK de Graaf. 1992. Identification of minor 
fimbrial subunits involved in biosynthesis of K88 fimbriae. J Bac- 
teriol 174: 6350-6358. 

6 Begaud E, D Mondet and Y Germani. 1993. Molecular characteriz- 
ation of enterotoxigenic Escherichia coIi (ETEC) isolated in New 
Caledonia (value of potential protective antigens in oral vaccine 
candidates). Res MicrobioI 144: 721-728. 

7 Berendson R, CP Cheney, PA Schad and EC Boedeker. 1983. Spec- 
ies-specific binding of purified pill (AF/R1) from the Escherichia coli 
RDEC-1 to rabbit intestinal mucosa. Gastroenterol 85: 837-845. 

8 Bijlsma IG and JF Frik. 1987. Hemagglutination patterns of the dif- 
ferent variants of Escherichia coli K88 antigen with porcine, bovine, 
guinea pig, chicken, ovine, and equine erythrocytes. Res Vet Sci 43: 
122-123. 

9 Binsztein N, MJ Jouve, GI Viboud, L Li3pez Moral, M Rivas, I 
Orskov, C ~hr6n and AM Svennerholm. 1991. Colonization factors 
of enterotoxigenic Escherichia coli isolated from children with 
diarrhea in Argentina. J Clin Microbiol 29: 1893-1898. 

10 Black RE. t986. The epidemiology of cholera and enterotoxigenic 
E. coli diarrhea disease. In: Development of Vaccines and Drugs 
against Diarrhea. 1 lth Nobel Conference, Stockholm (Holmgren J, 
A Lindberg and R MSllby, eds), pp 22-32, Studentlitteratur, Lund, 
Sweden. 

11 Blanco J, M Blanco, EA Gonzelez, JE Blanco, MP Alonso, JI Garabal 
and WH Jansen. 1993. Serotypes and colonization factors of enter- 
otoxigenic Escherichia coli isolated in various countries. Eur J Epide- 
mioI 9: 489-496. 

12 Blanco J, EA Gouzalez, M Blanco, JI Garabal, MP Alonso, S Fernan- 
dez, R Villanueva, A Aguilera, MA Garcia and J Torres. 199I. 
Enterotoxigenic Escherichia coli associated with infant diarrhoea in 
Galicia, north-western Spain. J Med Microbiol 35: 162-167. 

13 Boylan M, CJ Smyth and JR Scott. 1988. Nucleotide sequence of the 
gene encoding the major subunit of CS3 fimbriae of enterotoxigenic 
Escherichia coil. Infect Immun 56: 3297-3300. 

14 Braaten BA, JV Platko, MW van der Woude, BH Simons, FK de 
Graaf, JM Calvo and DA Low. 1992. Leucine-responsive regulatory 
protein controls the expression of both the pap and fan pili operons 
in Escherichia coli. Proc Natl Acad Sci USA 89: 42504254.  

15 Bray J. 1945. Isolation of antigenically homogeneous strains of Bact. 
coli neopolitanum from summer diarrhoea of infants. J Pathol Bac- 
teriol 57: 239-247. 

16 Bahler T, H Hoschtitzky and K Jann. 1991. Analysis of colonization 
factor antigen I, an adhesin of enterotoxigenic Escherichia coli 
O78:H11: fimbrial morphology and location of the receptor-binding 
site. Infect Immun 59: 3876-3882. 

17 Cantey JR. 1981. The rabbit model ofEscherichia coli (strain RDEC- 
1) diarrhea. In: Attachment of Organisms to the Gut Mucosa 
(Boedeker EC, ed), pp 39M-7, CRC Press, Inc, Boca Raton, FL. 

18 Cantey JR, LR Inman and RK Blake. 1989. Production of diarrhea 
in the rabbit by a mutant of Escherichia coli (RDEC-1) that does not 
express adherence (AF/R1) pili. J Infect Dis 160: 136-141. 

19 Cantey JR and SL Moseley. 1991. HeLa cell adherence, actin aggre- 
gation, and invasion by nonenteropathogenic Escherichia coli pos- 
sessing the eae gene. Infect Immun 59: 3924-3929. 

20 Caron J, LM Coffield and JR Scott. 1989. A plasmid-encoded regu- 
latory gene, ms, required for expression of the CS 1 and CS2 adhesins 
of enterotoxigenic Escherichia coli. Proc Natl Acad Sci USA 86: 
963-967. 

21 Caron J, DR Maneval, JB Kaper and JR Scott. 1990. Association of 
rns homologs with colonization factor antigens in clinical Escherichia 
coli isolates. Infect Immun 58: 3442-3444. 

22 Caron J and JR Scott. 1990. A ms-like regulatory gene for Coloniz- 



ation Factor Antigen I (CFAfl) that controls expression of CFA/I 
pilin. Infect Immun 58: 874-878. 

23 Cassels F], CD Deal, RH Reid, DL Jarboe, JL Nauss, JM Carter and 
EC Boedeker. 1992. Analysis of Escherichia coli colonization factor 
antigen I linear B-cell epitopes, as determined by primate responses, 
following protein sequence verification. Infect Immun 60: 2174- 
2181. 

24 Cassels FJ, CV Hughes and JL Nauss. 1995. Adhesin receptors of 
human oral bacteria and modeling of putative adhesin binding 
domains. J Ind Microbiol 15: 176-185. 

25 Cassels FJ, LK Pannell and EC Boedeker. 1993. Absolute molecular 
weight determination of E. coli fimbrial major subunits. Abstr 93rd 
Amer Soc Microbiot Gen Meet B-304: 80. 

26 Changchawalit S, P Echeverria, DN Taylor, U Leksomboon, C Tira- 
pat, B Eampokalap and B Rowe. 1984. Colonization factors associ- 
ated with enterotoxigenic Escherichia cull isolated in Thailand. Infect 
Immun 45:: 525-527. 

27 Cheney CP and EC Boedeker. 1983. Adherence of an enterotoxigenic 
Escherichia coli strain, serotype O78:H11, to purified human intesti- 
nal brush borders. Infect Immun 39: 1280-1284. 

28 Cheney CP, EC Boedeker and SB Formal. 1979. Quantitation of the 
adherence of an enteropathogenic Escherichia coli to isolated rabbit 
intestinal brush borders. Infect Imanun 26: 736-743. 

29 Clark CA, MW Heuzenroeder and PA Manning. 1992. Colonization 
factor antigen CFAflV (PCF8775) of human enterotoxigenic Escher- 
ichia coli: nucleotide sequence of the CS5 determinant. Infect Immun 
60: 1254-1257. 

30 Darfeuille-Manchaud A, C Forestier, B July and R Cluzel. 1986. 
Identification of a nonfimbrial adhesive factor of an enterotoxogenic 
Escherichia coli strain. Infect Immun 52: 468-475. 

31 Darfeuille-Michaud A, D Aubel, G Chauviere, C Rich, M Bourges, 
A Servin and B July. 1990. Adhesion of enterotoxigenic Escherichia 
coli to the human colon carcinoma cell line Caco-2 in culture. Infect 
Immun 58: 893-902. 

32 de Graaf FK and W Gaastra. 1994. Fimbriae of enterotoxigenic Esch- 
erichia co,!L In: Fimbriae: Adhesion, Genetics, Biogenesis, and Vac- 
cines (Klemm P, ed), pp 53 83, CRC Press, Boca Raton, FL. 

33 de Graaf FK and P Klaasen. 1987. Nucleotide sequence of the gene 
encoding the 987P fimbrial subunit of Escherichia coli. FEMS Micro 
Lett 42: 253-258. 

34 de Graaf FK, FB Wientjes and P Klaasen-Boor. 1980. Production of 
K99 antigen by enterotoxigenic Escherichia coli stains of antigen 
groups 08, 09, 020, and O10 grown at different conditions. Infect 
Immun 27: 216-221. 

35 de Haan LAM, GA Willshaw, BAM van der Zeijst and W Gaastra. 
1991. The nucleotide sequence of a regulatory gene present on a plas- 
mid in an enterotoxigenic Escherichia coli strain of serotype 
O167:H5. FEMS Micro Lett 83: 341-346. 

36 Dean EA. 1990. Comparison of receptors for 987P pili of entero- 
toxigenic Escherichia coli in the small intestines of neonatal and 
older pig. Infect Immun 58: 4030-4035. 

37 Dean EA and RE Isaacson. 1985. Purification and characterization 
of a receptor for the 987P pilus of Escherichia coli. Infect Immun 
47: 98-105. 

38 Dean-Nystrom EA and JE Samuel. 1994. Age-related resistance to 
987P fimbria-mediated colonization correlates with specific gly- 
colipid receptors in intestinal mucus in swine. Infect Immun 62: 
4789-4794. 

39 Donnenberg MS, JA Gir6n, JP Nataro and JB Kaper. 1992. A plas- 
mid-encoded type IV fimbrial gene of enteropathogenic Escherichia 
coli associated with localized adherence. Mol Microbiol 6: 3427- 
3437. 

40 Donnenberg MS and JB Kaper. 1992. Enteropathogenic Escherichia 
coll. Infect Immun 60: 3953-3961. 

41 Duguid JP and DC Otd. 1994. Introduction: a historical perspective. 
In: Fimbriae: Adhesion, Genetics, Biogenesis, and Vaccines (Klemm 
P, ed), pp 1-7, CRC Press, Boca Raton, FL. 

42 Erickson AK, DR Baker, BT Bosworth, TA Casey, DA Benfield and 
DH Francis. 1994. Characterization of porcine intestinal receptors for 
the K88ac fimbrial adhesin of Escherichia coli as mucin-type sialo- 
glycoproteins. Infect Immun 62: 5404-5410. 

43 Escherich T. 1885. Die Darmbacterien des Neugeboren und S~iglings. 
Fortschritte der Medicin. 3: 515-522. 

44 Evans D, Jr, DG Evans and HL DuPont. 1979. Hemagglutination 

E. coil colonization factors and intestinal receptors 
FJ Cassels and MK Wolf 

patterns of enterotoxigenic and enteropathogenic Escherichia coli 
determined with human, bovine, chicken, and guinea pig erythrocytes 
in the presence and absence of mannose. Infect Immun 23: 336-346. 

45 Evans DG, DJ Evans Jr, S Clegg and JA Pauley. 1979. Purification 
and characterization of the CFA/I antigen of enterotoxigenic Escher- 
ichia coli. Infect Immun 25: 738-748. 

46 Evans DG and DJ Evans Jr. 1978. New surface-associated heat-labile 
colonization factor antigen (CFA/II) produced by enterotoxigenic 
Escherichia cull of serogroups 06 and 08. Infect Immun 21: 638- 
647. 

47 Evans DG, RP Silver, DJ Evans Jr, DG Chase and SL Gorbach. 1975. 
Plasmid-controlled colonization factor associated with virulence in 
Escherichia coli enterotoxigenic for humans. Infect Immun 12: 
656-667. 

48 Faris A, M Lindahl and T Wadstr6m. 1980. GM2-1ike glycoconjugate 
as possible erythrocyte receptor for the CFA/I and K99 haemagglutin- 
ins of enterotoxigenic Escherichia eoli. FEMS Micro Lett 7: 265- 
269. 

49 Finlay BB and S Falkow. 1989. Common themes in microbial patho- 
genicity. Micrubiot Rev 53: 210-230. 

50 Froehlich B, L Husmann, J Caron and JR Scott. 1994. Regulation of 
ms, a positive regulatory factor for pili of enterotoxigenic Escherichia 
coli. J Bacteriol 176: 5385-5392. 

51 Froehlich BJ, A Karakashian, LR Melsen, JC Wakefield and JR Scott. 
1994. CooC and CooD are required for assembly of CS1 pill. Mol 
Microbiol 12: 387-401. 

52 Gir6n JA, MS Donnenberg, WC Martin, KG Jarvis and JB Kaper. 
1993. Distribution of the bundle-forming pilus structural gene (bfpA) 
among enteropathogenic Escherichia coli. J Infect Dis 168: 1037- 
1041. 

53 Girdn JA, AS Ho and GK Schoolnik. 1991. An inducible bundle- 
forming pilus of enteropathogenic Escherichia coli. Science 254: 
710-713. 

54 Gir6n JA, ASY Ho and GK Schoolnik. 1993. Characterization of 
finrbriae produced by enteropathogenic Escherichia coli. J Bacteriol 
175:7391 7403. 

55 Girdn JA, MM Levine and JB Kaper. 1994. Longus: a long pilus 
ultrastructure produced by human enterotoxigenic Escherichia coli. 
Mol Microbiol 12: 71-82. 

56 Gonzalez EA, J Blanco, I Garabal and M Blanco. 1991. Biotypes, 
antibiotic resistance and plasmids coding for CFAB and STa in entero- 
toxigenic Escherichia coli strains of serotype 0153:H45 isolated in 
Spain. J Med Microbiol 34: 89-95. 

57 Gothefors L, C Ahren, B Stoll, DK Barua, F Orskov, MA Salek and 
AM Svennerholm. 1985. Presence of colonization factor antigens on 
fresh isolates of fecal Escherichia coli: a prospective study. J Infect 
Dis 152: 1128-1133. 

58 Grewal HM, W Gaastra, AM Svennerholm, J Roli and H Sommerfelt. 
1993. Induction of colonization factor antigen I (CFA/I) and coli sur- 
face antigen 4 (CS4) of enterotoxigenic Escherichia coli: relevance 
for vaccine production. Vaccine 11: 22 t-226. 

59 Guth BEC, EG Aguiar, PM Griffin, SRTD Ramos and TAT Gomes. 
1994. Prevalence of colonization factor antigens (CFAs) and adher- 
ence to HeLa cells in enterotoxigenic Escherichia coli isolated from 
feces of children in Sat Paulo. Microbiol Immunol 38: 695-701. 

60 Gyles CL. 1992. Escherichia coli cytotoxins and enterotoxins. Can 
J Microbiol 38: 734-746. 

61 Hacker J. 1990. Genetic determinants coding for fimbriae and adhes- 
ins of extraintestinal Escherichia coli. CmT Top Microbiol Immunol 
151: 1-27. 

62 Hale TL, P Echeverria and JP Nataro. 1995. Enteroinvasive Escher- 
ichia coll. In: Escherichia cull: mechanisms of virulence (Sussman 
M, ed), in press, Cambridge University Press, Cambridge. 

63 Hall RH, DR Maneval, JH Collins, JL Theibert and MM Levine. 
1989. Purification and analysis of colonization factor antigen I, coli 
surface antigen 1, and cull surface antigen 3 fimbfiae from entero- 
toxigenic Escherichia coli. J Bacteriol 171: 6372-6374. 

64 Hibberd ML, MM McConnell, AM Field and B Rowe. 1990. The 
fimbriae of human enterotoxigenic Escherichia coli strain 334 are 
related to CS5 fimbriae. J Gen Microbiol 136: 2449-2456. 

65 Hibberd ML, MM McConnell, GA Willshaw, HR Smith and B Rowe. 
1991. Positive regulation of colonization factor antigen I (CFA/I) pro- 
duction by enterotoxigenic Escherichia coli producing the coloniz- 

223 



~ E. coli colonization factors and intestinal receptors 
FJ Cassels and MK Wolf 

224 ation factors CS5, CS6, CS7, CS17, PCFO9, PCFO159:H4 and 
PCFO166. J Gen Microbiol 137: 1963-1970. 

66 Honda T, M Arita and T Miwatani. 1984. Characterization of new 
hydrophobic pili of human enterotoxigenic Escherichia coli: a poss- 
ible new colonization factor. Infect Immun 43: 959-965. 

67 Huisman TT, D Bakker, P Klaasen and FK de Graaf. 1994. Leucine- 
responsive regulatory protein, IS1 insertions, and the negative regu- 
lator FaeA control the expression of the Fae (K88) operon in Escher- 
ichia coli. Mol Microbiol 11: 525-536. 

68 Inman LR and JR Cantey. 1984. Peyer's patch lymphoid follicle epi- 
thelial adherence of a rabbit enteropathogenic Escherichia coli (strain 
RDEC-1). Role of plasmid-mediated pili in initial adherence. J Clin 
Invest 74: 90-95. 

69 Jagannatha HM, UK Sharma, T Ramaseshan, A Surolia and TS Bal- 
ganesh. 1991. Identification of carbohydrate structures as receptors 
for localized adherent enteropathogenic Escherichia coli. Microb 
Pathogen 11: 259-268. 

70 Jalajakumari MB, CJ Thomas, R Halter and PA Manning. 1989. 
Genes for biosynthesis and assembly of CS3 pili of CFMII entero- 
toxigenic Escherichia coli: novel regulation of pilus production by 
bypassing an amber codon. Mol Microbiol 3: 1685-1695. 

71 Jerse AE, KG Gicquelais and JB Kaper. 1991. Plasmid and chromo- 
somal elements involved in the pathogenesis of attaching and effacing 
Escherichia coli. Infect Immun 59: 3869-3875. 

72 Jerse AE, J Yu, BD Tall and JB Kaper. 1990. A genetic locus of 
enteropathogenic Escherichia coli necessary for the production of 
attaching and effacing lesions on tissue culture cells. Proc Natl Acad 
Sci USA 87: 7839-7843. 

73 Jones CH, F Jacob-Dubnisson, K Dodson, M Kuehn, L Slonim, R 
Striker and SJ Hultgren. 1992. Adhesin presentation in bacteria 
requires molecular chaperones and ushers. Infect Immun 60: 4445- 
4451. 

74 Jordi BJ, B Dagberg, LA de Haan, AM Hamers, BA van der Zeijst, 
W Gaastra and BE Uhlin. 1992. The positive regulator CfaD over- 
comes the repression mediated by histone-like protein H-NS (H1) in 
the CFA/I fimbrial operon of Escherichia coli. EMBO J 11: 2627- 
2632. 

75 Jordi BJ, GA Willshaw, BA van der Zeijst and W Gaastra. 1992. 
The complete nucleotide sequence of region 1 of the CFA/I fimbrial 
operon of human enterotoxigenic Escherichia coli. DNA Seq 2: 
257-263. 

76 Jordi BJAM, IELO den Camp, LAM de Haan, BAM van der Zeijst 
and W Gaastra. 1993. Differential decay of RNA of the CFA/I tim- 
brial operon and control of relative gene expression. J Bacteriol 175: 
7976-7981. 

77 Jordi BJAM, AHM van Vliet, GA Willshaw, BAM van der Zeijst 
and W Gaastra. 1991. Analysis of the first two genes of the CS1 
fimbrial operon in human enterotoxigenic Escherichia coli of sero- 
type O139:H28. FEMS Micro Lett 80: 265-270. 

78 Josephsen J, F Hansen, FK de Graaf and W Gaastra. 1984. The nucleo- 
tide sequence of the protein subunit of the K88ac fimbriae of porcine 
enterotoxigenic Escherichia coli. FEMS Micro Lett 25: 301-306. 

79 Karch H, J Heesemann, R Laufs, AD O'Brien, CO Tacket and MM 
Levine. 1987. A plasmid of enterohemorrhagic Escherichia coli 
O157:H7 is required for expression of a new fimbrial antigen and for 
adhesion to epithelial cells. Infect Immun 55: 455-461. 

80 Karjalainen TK, DG Evans, D Evans Jr, DY Graham and CH Lee. 
1991. Iron represses the expression of CFA/I fimbriae of entero- 
toxigenic E. coli. Microb Pathogen 11: 317-323. 

81 Karjalainen TK, DG Evans, DJ Evans, DY Graham and CH Lee. 
1991. CataboIite repression of the Colonization Factor Antigen-I 
(CFA/I) operon of Escherichia coli. Curt Microbiol 23:307-313.  

82 Karjalainen TK, DG Evans, M So and CH Lee. 1989 Molecular 
cloning and nucleotide sequence of the colonization factor antigen I 
gene of Escherichia coli. Infect Immun 57:1126-1130. 

83 Keusch GT and SL Gorbach. 1985. Ecology of the gastrointestinal 
tract: bacteria. In: Gastroenterology (Berk JE, ed), pp 1632-1650, 
WB Saunders Co, Philadelphia. 

84 Klemm P, W Gaastra, MM McConnell and HR Smith. 1985. The 
CS2 fimbriai antigen from Escherichia coti, purification, characteriz- 
ation and partial covalent structure. FEMS Micro Lett 26: 207-210. 

85 Klemm P and KA Krogfelt. 1994. Type 1 fimbriae of Escherichia 
coli. In: Fimbriae: Adhesion, Genetics, Biogenesis, and Adhesion 
(Klemm P, ed), pp 9-26, CRC Press, Boca Raton, FL. 

86 Knutton S, DR Lloyd, DCA Candy and AS McNeish. 1985. Adhesion 
of enterotoxigenic Escherichia coti to human small intestinal 
enterocytes. Infect Immun 48:824-83 I. 

87 Knutton S, DR Lloyd and AS McNeish. 1987. Identification of a 
new fimbrial structure in enterotoxigenic Escherichia coli (ETEC) 
serotype O148:H28 which adheres to human intestinal mucosa: a 
potentially new human ETEC colonization factor. Infect Immun 55: 
86-92. 

88 Knutton S, MM McConnell, B Rowe and AS McNeish. 1989. 
Adhesion and ultrasmactural properties of human enterotoxigenic 
Escherichia coli producing colonization factor antigens III and IV. 
Infect Immun 57: 3364-3371. 

89 Knutton S, RK Shaw, MK Bhan, HR Smith, MM McConnell, T 
Cheasty, PH Williams and TJ Baldwin. 1992. Ability of enteroag- 
gregative Escherichia coli strains to adhere in vitro to human intesti- 
nal mucosa. Infect Immun 60: 2083-2091. 

90 Koya G, N Kasakai and Y Fukasawa. 1954. Supplementary studies 
of the multiplication of Escherichia coli O111 B4 in the intestinal 
tract of adult volunteers and its relation to manifestations of coli 
enteritis. Jpn J Med Sci Biol 7: 655-661. 

91 Koya G, N Kosakai, M Kono, M Mori and Y Fukasawa. I954. Obser- 
vations on the multiplication of Escherichia coli O111 B4 in the 
intestinal tract of adult volunteers in feeding experiments: the intu- 
bation study with Miller-Abbott's double lumen tube. Jpn J Med Sci 
Biol 7: 197-203. 

92 Kusters JG and W Gaastra. 1994. Fimbrial operons and evolution. 
In: Fimbriae: Adhesion, Genetics, Biogenesis, and Vaccines (Ktemm 
P, ed), pp 179-196, CRC Press, Boca Raton, FL. 

93 Leffler H, W Agace, S Hedges, R Lindstedt, M Svensson and C Svan- 
borg. 1995. Strategies for studying bacterial adhesion in vivo. Meth. 
Enzymol. 253: 206-220. 

94 Levine M, JG Morris, G. Losonsky, EC Boedeker and B Rowe. 1986. 
Fimbriae (pili) adhesins as vaccines. In: Protein-Carbohydrate Inter- 
actions in Biological Systems. The Molecular Biology of Microbial 
Pathogenicity (Lark DL, ed), pp 143-145, Academic Press, London. 

95 Levine MM. 1987. Escherichia coli that cause diarrhea: enterotoxi- 
genic, enteropathogenic, enteroinvasive, enterohemorrhagic, and 
enteroadherent. J Infect Dis 155: 377-389. 

96 Levine MM, P Ristaino, G Marley, C Smyth, S Knutton, E Boedeker, 
R Black, C Young, ML Clements, C Cheney and R Patnaik. 1984. 
Coli surface antigens 1 and 3 of colonization factor antigen II-positive 
enterotoxigenic Escherichia coli: morphology, purification, and 
immune responses in humans. Infect Immun 44: 409-420. 

97 Levine MM, P Ristaino, RB Sack, JB Kaper, F f0rskov and I Orskov. 
1983. Colonization factor antigens I and 1I and type 1 somatic pili in 
enterotoxigenic Escherichia coli: relation to enterotoxin type. Infect 
Immun 39: 889-897. 

98 Mack DR and PL Blainnelson. 1995. Disparate in vitro inhibition of 
adhesion of enteropathogenic Escherichia coli RDEC-1 by mucins 
isolated from various regions of the intestinal tract. Pediatr Res 37: 
75-80. 

99 Manning PA, GD Higgins, R Lumb and JA Lanser. 1987. Coloniz- 
ation factor antigens and a new fimbrial type, CFA/V, on O115:H40 
and H-strains of enterotoxigenic Escherichia coli in central Australia. 
J Infect Dis 156: 841-844. 

100 McConnell MM. 1991. Newly characterized putative colonization 
factors of human enterotoxigenic Escherichia coli. In: Molecular 
Pathogenesis of Gastrointestinal Infections (W~idstrom T, PH M~akel~i, 
A-M Svennerholm and H Wolf-Watz, eds), pp 79-85, Plenum Press, 
New York. 

101 McConnell MM, H Chart, AM Field, M Hibberd and B Rowe. 1989. 
Characterization of a putative colonization factor (PCFO166) of 
enterotoxigenic Escherichia coli of serogroup O166. J Gen Microbiol 
135:1135-1144. 

102 McConnell MM, H Chart and B Rowe. 1989. Antigenic homology 
within human enterotoxigenic Escherichia coli fimbrial colonization 
factor antigens: CFA/I, coli-surface-associated antigens (CS)I, CS2, 
CS4 and CS17. FEMS Micro Lett 61: 105-108. 

I03 McConnell MM, M Hibberd, AM Field, H Chart and B Rowe. 1990. 
Characterization of a new putative colonization factor (CS17) from a 
human enterotoxigenic Escherichia coli of serotype O114:H21 which 
produces only heat-labile enterotoxin. J Infect Dis 161: 343-347. 

104 McConnelI MM, ML Hibberd, ME Penny, SM Scotland, T Cheasty 
and B Rowe. 1991. Surveys of human enterotoxigenic Escherichia 



coli from three different geographical areas for possible colonization 
factors. Epidemiol Infect 106: 477-484. 

105 McConnell MM, LV Thomas, NP Day and B Rowe. 1985. Enzyme- 
1inked immnnosorbent assays for the detection of adhesion factor 
antigens of enterotoxigenic Escherichia coli. J Infect Dis 152: 
t 120-I 127. 

106 McConnell MM, LV Thomas, GA Willshaw, HR Smith and B Rowe. 
1988. Genetic control and properties of coli surface antigens of colon- 
ization factor antigen IV (PCF8775) of enterotoxigenic Escherichia 
coli. Infect Immun 56: 1974-1980. 

107 Mooi FR, I Claassen, D Bakker, H Kuipers and FK de Graaf. 1986. 
Regulation and structure of an Escherichia coli gene coding for an 
outer membrane protein involved in export of K88ab fimbrial sub- 
units. Nucleic Acids Res 14: 2443-2457. 

108 Moon I-BV and TO Bunn. 1993. Vaccines for preventing entero- 
toxigenic Escherichia coli infections in farm animals. Vaccine 11: 
213-220. 

109 Moore WEC, LVH Moore and EP Cato. 1988. You and your flora. 
US Fed Culture Collect Newslett 18: 7-22. 

110 Nataro JP, Y Deng, DR Maneval, AL German, WC Martin and MM 
Levine. 1992. Aggregative adherence fimbriae I of enteroaggregative 
Escherichia coli mediate adherence to HEp-2 cells and hemagglutin- 
ation of human erythrocytes. Infect Immun 60: 2297-2304. 

111 Nataro JP, YK Deng and K Walker. 1994. AggR, a transcriptional 
activator of aggregative adherence fimbria I expression in entero- 
aggregative Escherichia coll. J Bacteriol 176: 4691-4699. 

112 Neeser JR, A Chambaz, M Golliard, H Link-Amster, V Fryder and 
E Kolodziejczyk. 1989. Adhesion of colonization factor antigen II- 
positive enterotoxigenic Escherichia coli strains to human enterocyte- 
like differentiated HT-29 cells: a basis for host-pathogen interactions 
in the gut. Infect Immun 57: 3727-3734. 

113 Newman EB, R D'Ari and RT Lin. 1992. The leucine-Lrp regulon 
in E. coli: a global response in search of a raison d'etre. Cell 68: 
617-619. 

114 Notl JM and EC Boedeker. 1995. Enterohemorrhagic Escherichia 
coli: a family of emerging pathogens. Digest Dis (in press). 

115 Old DC, A Tavendale and DE Yakubu. 1989. Some strains of Escher- 
ichia coli of putative enteroadherent-aggregative serotypes produce 
an unusual fibrillar haemagglutinin. FEMS Micro Lett 50: 87-91. 

116 Ori3 HS, AB Kolst, C Wenner~s and AM Svennerholm. 1990. Identi- 
fication of asialo GMI as a binding structure for Escherichia coli 
colonizatiion factor antigens. FEMS Micro Lett 60: 289-292. 

117 Payne D, M O'Reilly and D Williamson. 1993. The K88 fimbrial 
adhesin of enterotoxigenic Escherichia coli binds to/31-1inked galac- 
tosyl residues in glycosphingolipids. Infect Immun 61: 3673-3677. 

118 Perez-Casal P, JS Swartley and JR Scott. 1990. Gene encoding the 
major subunit of CS 1 pili of human enterotoxigenic Escherichia coli. 
Infect Immun 58: 3594-3600. 

119 Pieroni 17, EA Worobec, W Paranchych and GD Armstrong. 1988. 
Identification of a human erythrocyte receptor for colonization factor 
antigen I pili expressed by H10407 enterotoxigenic Escherichia coli. 
Infect Immun 56: 1334-1340. 

120 Prince A. 1992. Adhesins and receptors of Pseudomonas aeruginosa 
associated with infection of the respiratory tract. Microb Pathogen 
13: 251-260. 

121 Rafiee P, H Leffter, JC Byrd, FJ Cassels, EC Boedeker and YS Kim. 
1991. A sialoglycoprotein complex linked to the microvillus cytoske- 
leton acts as a receptor for pilus (AF/R1) mediated adhesion of entero- 
pathogenic Escherichia coil (RDEC-1) in rabbit small intestine. J Cell 
Biol 115:: 1021-1029. 

122 Roosendaal B and FK de Gxaaf. 1989. The nucleotide sequence of 
the lanD gene encoding the large outer membrane protein involved 
in the biosynthesis of K99 fimbriae. Nucleic Acids Res 17: 1263. 

123 Roosendaal B, W Gaastra and FK de Graaf. 1984. The nucleotide 
sequence of [he gene encoding the K99 subunit of enterotoxigenic 
Escherichia coli. FEMS Micro Lett 22: 253-258. 

124 Roosendaal E, M Boots and FK de Graaf. 1987. Two novel genes, 
fanA and fanB, involved in the biogenesis of K99 fimbriae. Nucleic 
Acids Res 15:5973-5984 

125 Roosendaal E, AA Jacobs, P Rathman, C Sondermeyer, F Stegehuis, 
B Oudega and FK de Graaf. 1987. Primary structure and subcellular 
localization of two fimbrial subunit-like proteins involved in the 
biosynthesis of K99 fibrillae. Mol Microbiol 1: 211-217. 

126 Rudin A, MM McConnell and A-M Svennerholm. 1994. Monoclonal 

E. coli colonization factors and intestinal receptors 
FJ Cassels and MK Wolf 

antibodies against enterotoxigenic Escherichia coli colonization fac- 
tor antigen I (CFA/I) that cross-react immunologically with heterol- 
ogous CFAs. Infect Immun 62: 4339-4346. 

127 Rudin A and A-M Svennerholm. I994. Colonization factor antigens 
(CFAs) of enterotoxigenic Escherichia coli can prime and boost 
immune responses against hetemlogous CFAs. Microb Pathogen 16: 
131-139. 

128 Sack RB. 1975. Human diarrheal disease caused by enterotoxigenic 
Escherichia coli. Annu Rev Microbiol 29: 333-353. 

129 Savarino SJ, P Fox, YK Deng and JP Nataro. 1994. Identification 
and characterization of a gene cluster mediating enteroaggregative 
Escherichia coli aggregative adherence fimbria I biogenesis. J Bac- 
teriol 176: 4949-4957. 

130 Savelkoul PH, GA Willshaw, MM McConnell, HR Smith, AM 
Hamers, BA van der Zeijst and W Gaastra. 1990. Expression of 
CFA/I fimbriae is positively regulated. Microb Pathogen 8: 91-99. 

131 Scotland SM, HR Smith, B Said, GA Willshaw, T Cheasty and B 
Rowe. 1991. Identification of enteropathogenic Escherichia coli iso- 
lated in Britain as enteroaggregative or as members of a subclass of 
attaching-and-effacing E. coli not hybridising with the EPEC adher- 
ence-factor probe. J Med Microbiol 35: 278-283. 

132 Scott JR, JC Wakefield, PW Russell, PE Orndorff and BJ Froehlich. 
1992. CooB is required for assembly but not transport of CS1 pilin. 
Mol Microbiol 6: 293-300. 

133 Sen D, U Ganguly, MR Saha, SK Bhattacharya, P Datta, D Datta, 
AK Mukherjee, R Chakravarty and SC Pal. 1984. Studies on Escher- 
ichia coli as a cause of acute diarrhoea in Calcutta, J Med Microbiol 
17: 53-58. 

134 Sharon N and H Lis. 1993. Carbohydrates in cell recognition. Sci 
Amer 268: 82-89. 

135 Sherman PM and EC Boedeker. 1987. Pilus-mediated interactions of 
the Escherichia coli strain RDEC-1 with mucosal glycoproteins in 
the small intestine of rabbits. Gastroenterol 93: 734-743. 

136 Simons BL, P Rathman, CR Malij, B Oudega and FK de Graaf. 1990. 
The penultimate tyrosine residue of the K99 fibrillar subunit is essen- 
tial for stability of the protein and its interaction with the periplasmic 
carrier protein. FEMS Micro Lett 67:107-112. 

137 Simons BL, PT Willemsen, D. Bakker, B Roosendaal, FK de Graaf 
and B Oudega. 1990. Structure, localization and function of FanF, a 
minor component of K99 fibrillae of enterotoxigenic Escherichia coli. 
Mol Microbiol 4: 2041-2050. 

138 Sjtberg PO, M Lindahl, J Porath and T Wadstrtm. 1988. Purification 
and characterization of CS2, a sialic acid-specific haemagglutinin of 
enterotoxigenic Escheriehia coli. Biochem J 255:105-111. 

139 Smit H, W Gaastra, JP Kamerling, JF Vliegenthart and FK de Graaf. 
1984. Isolation and structural characterization of the equine erythro- 
cyte receptor for enterotoxigenic Escherichia coli K99 fimbrial 
adhesin. Infect Immun 46: 578-584. 

140 Smyth CJ. 1982. Two marmose resistant haemagglutinins of entero- 
toxigenic Escherichia coli of serotype O6:H16 or H- isolated from 
travellers' and infantile diarrhoea. J Gen Microbiol 128: 2081-2096. 

141 Sohel I, JL Puente, WJ Murray, J Vuopio-Varkila and GK Schoolnik. 
1993. Cloning and characterization of the bundle-torming pilin gene 
of enteropathogenic Escherichia coli and its distribution in Salmon- 
ella serotypes. Mol Microbiol 7: 563-575. 

142 Sommerfeh H, HM Grewal, W Gaastra, MK Bhan, A-M Svenner- 
holm, KH Kalland, V Asphang, R Aasland and B Bjorvatn. 1991. 
Presence of claD-homologous sequences and expression of coli sur- 
face antigen 4 on enterotoxigenic Escherichia coli: relevance for 
diagnostic procedures. Microb Pathogen 11: 297-304. 

143 Sommerfelt H, HM Grewal, A M Svennerholm, W Gaastra, PR 
Flood, G Viboud and MK Bhan. 1992. Genetic relationship of puta- 
tive colonization factor O166 to colonization factor antigen I and coli 
surface antigen 4 of enterotoxigenic Escherichia coIi. Infect Immun 
60: 3799-3806. 

144 Svennerholm A-M, YL Vidal, J Holmgren, MM McConnell and B 
Rowe. 1988. Role of PCF8775 antigen and its coli surface subcom- 
ponents for colonization, disease, and protective immunogenicity of 
enterotoxigenic Escherichia coli in rabbits. Infect Immun 56: 523- 
528. 

145 Tacket CO, DR Maneval and MM Levine. 1987. Purification, mor- 
phology, and genetics of a new fimbrial putative colonization factor 
of enterotoxigenic Escherichia coli O159:H4. Infect Immnn 55: 
1063-1069. 

225 



E, coil colonization factors and intestinal receptors 
FJ Cassels and MK Wotf 

226 146 Tacket CO, RH Reid, EC Boedeker, G Losonsky, JP Nataro, H 
Bhagat and R Edelman. 1994. Enteral immunization and challenge 
of volunteers given enterotoxigenic E. coli CFA/II encapsulated in 
biodegradable microspheres. Vaccine 12:1270 1274. 

147 Tai Y-T, TP Gage, CE McQueen, SB Formal and EC Boedeker. 
i989. Electrolyte transport in rabbit cecum. I. Effect of RDEC-1 
infection. Am J Physiol 256: G721-G726. 

148 Takeuchi A, LR Inman, PD O'Hanley, JR Cantey and WB Lush- 
baugh. 1978. Scanning and transmission electron microscopic study 
of Escherichia coli O 15 (RDEC- 1) enteric infection in rabbits. Infect 
Immun 19: 686-694. 

149 Taniguchi T, Y Fujino, K Yamamoto, T Miwatani and T Honda. 
1995. Sequencing of the gene encoding the major pilin of pilus 
Colonization Factor Antigen III (CFA/III) of human enterotoxigenic 
Escherichia coli and evidence that CFA/III is related to type IV pill. 
Infect Immun 63: 724-728. 

150 Teneberg S, P Willemsen, FK de Graaf and K-A Karlsson. 1990. 
Receptor-active glycolipids of epithelial cells of the small intestine 
of young and adult pigs in relation to susceptibility to infection with 
Escherichia coll. FEBS Lett 263: 10-14. 

151 Tennent JM and JS Mattick. 1994. Type 4 fimbriae. In: Fimbriae: 
Adhesion, Genetics, Biogenesis, and Vaccines (Klemm P, ed), 
pp 127-146, CRC Press, Boca Raton, FL. 

152 Thomas LV, A Cravioto, SM Scotland and B Rowe. 1982. New tim- 
brial antigenic type (E8775) that may represent a colonization factor 
in enterotoxigenic Escherichia coli in humans. Infect Immun 35: 
1119-1124. 

153 Thomas LV, MM McConneI1, B Rowe and AM Field. 1985. The 
possession of three novel coli surface antigens by enterotoxigenic 
Escherichia coil strains positive for the putative colonization factor 
PCF8775, J Gen Microbiol 131: 2319-2326. 

154 Thomas LV and B Rowe. 1982. The occurrence of colonization 
facttors (CFA/I, CFAFII and E8775) in enterotoxigenic Escherichia 
coli from various countries in south east Asia. Med Microbiol Immu- 
nol 171: 85-90. 

I55 Vanmaele RP, MC Finlayson and GD Armstrong. 1995. Effect of 
enteropathogenic Escherichia coli on adherent properties of Chinese 
hamster ovary cells. Infect Immun 63: 191-198. 

156 Viboud GI, N Binsztein and A-M Svennerholm. 1993. A new fimbrial 
putative colonization factor, PCFO20, in human enterotoxigenic 
Escherichia coll. Infect Immun 61: 5190-5197. 

157 Vuopio-Varkila J and GK Schoolnik. 1991. Localized adherence by 
enteropathogenic Escherichia coli is an inducible phenotype associ- 
ated with the expression of new outer membrane proteins. J Exp Med 
174: 1167-i177. 

158 Wadstrtm T, A Faris, J Freer, D Habte, D Hallberg and ,~ Ljungh. 
1980. Hydrophobic surface properties of enterotoxogenic E. coli 
(ETEC) with different colonization factors (CFA/I, CFA/II, K88 and 
K99) and attachment to intestinal epithelial cells. Scand J Infect Dis 
Suppl 24: 148-153. 

159 Wenner~ts C, J Holmgren, MM McConnell and A-M Svennerholm. 
1991. The binding of bacteria carrying CFAs and putative CFAs to 
rabbit intestinal brush border membranes. In: Molecular Pathogenesis 
of Gastrointestinal Infections (W~idstrom T, PH M~ikel~i, A-M Sven- 
nerholm and H Wolf-Watz, eds), pp 327-330, Plenum Press, New 
York. 

160 Wenner~s C, J Holmgren and AM Svennerholm. 1990. The binding 
of colonization factor antigens of enterotoxigenic Escherichia coli to 
intestinal cell membrane proteins. FEMS Micro Lett 54:107-112. 

161 Wenneffts C, J-R Neeser and A-M Svennerholm. 1995. Binding of 
the fibrillar CS3 adhesin of enterotoxigenic Escherichia coli to rabbit 
intestinal glycoproteins is competitively prevented by Gal/31-4Gal- 
containing glycoconjugates. Infect Immun 63: 640-646. 

162 Willshaw GA, HR Smith, MM McConnell and B Rowe. 1991. Clon- 
ing of regulator genes controlling fimbrial production by enterotoxi- 
genic Escherichia coll. FEMS Micro Lett 66: 125-129. 

163 Wolf MK, GP Andrews, DL Fritz, R Sjogren Jr and EC Boedeker. 
1988. Characterization of the ptasmid from Escherichia coil RDEC- 
1 that mediates expression of adhesin AF/R1 and evidence that 
AF/R1 pill promote but are not essential for enteropathogenic disease. 
Infect Immun 56: 1846-1857. 

164 Wolf MK, GP Andrews, BD Tall, MM McConnell, MM Levine and 
EC Boedeker. 1989. Characterization of CS4 and CS6 antigenic 
components of PCF8775, a putative colonization factor complex from 
enterotoxigenic Escherichia coli E8775. Infect Immun 57: 164-173. 

165 Wolf MK and EC Boedeker. 1990. Cloning of the genes for AF/R1 
pill from rabbit enteroadherent Escherichia coli RDEC-1 and DNA 
sequence of the major structural subunit. Infect Immun 58:1124- 
1128. 

166 Wolf MK, DN Taylor, EC Boedeker, KC Hyams, DR ManevaI, MM 
Levine, K Tamura, RA Wilson and P Echeverria. 1993. Characteriz- 
ation of enterotoxigenic Escherichia coli isolated from US troops 
deployed to the Middle East. J Clin Microbiol 31: 851-856. 

167 Yamamoto T, Y Koyama, M Matsumoto, E Sonoda, S Nakayama, 
M Uchimura, W Paveenkittiporn, K Tamura, T Yokota and P 
Echeverria. 1992. Localized, aggregative, and diffuse adherence to 
HeLa cells, plastic, and human small intestines by Escherichia coli 
isolated from patients with diarrhea. J Infect Dis 166: 1295-1310. 


