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Characterization of enterotoxigenic Escherichia coli (ETEC) has been based almost exclusively on the
detection of phenotypic traits such as serotypes and virulence-associated factors: heat-labile (LT) and heat-
stable (ST) toxins and colonization factors (CFs). In the present work we show that the analysis of band
patterns generated by randomly amplified polymorphic DNA (RAPD) analysis and pulsed-field gel electro-
phoresis (PFGE) of digested chromosomal DNA can be used to detect genetic diversity among ETEC strains
expressing identical phenotypic traits. The study included 29 ETEC isolates from Latin America and Spain
expressing the phenotype O153:H45 CFA/I ST plus 1 rough derivative, 2 nonmotile derivatives, and 1 O78:H12
CFA/I ST isolate, and a representative of a genetically distinct ETEC group. The results showed that the
O153:H45 CFA/I ST ETEC isolates belong to a single clonal cluster whose isolates share on average, 84% of
the RAPD bands and 77% of the PFGE restriction fragments, while the O78:H12 isolate shared only 44 and 4%
of the RAPD bands and PFGE fragments, respectively, with the isolates of the O153:H45 group. More rele-
vantly, RAPD and PFGE fingerprints disclosed the presence of different clonal lineages among the isolates of
the O153:H45 cluster. Some of the genetic variants were isolated from defined geographic areas, while places
like São Paulo City in Brazil and the middle-eastern part of Argentina were populated by several genetic va-
riants of related, but not identical, ETEC strains. These results show that molecular biology-based typing meth-
ods can disclose strain diversity, which is usually missed in studies restricted to phenotypic typing of ETEC.

Enterotoxigenic Escherichia coli (ETEC) represents one of
the main etiologic agents of diarrhea in infants and travelers in
developing countries (5). ETEC strains are identified by the
ability to produce enterotoxins, either heat-labile toxin or heat-
stable toxin (ST), or both, and surface adhesins known as
colonization factors (CFs). Also, characterization of ETEC
strains has relied on the serological determination of a number
of different combinations of O (lypopolyssacharide) and H
(flagellar) serogroups (4, 7, 11, 13, 28). Antigen heterogeneity
is a striking feature among ETEC strains, as demonstrated in
a survey that evaluated the diversity, distribution, and associ-
ation of ETEC phenotypes in epidemiological studies carried
out in different parts of the world (31).

The application of DNA-based typing methods to investi-
gate the genetic relationship among ETEC strains isolated
from humans has been rare (16, 19). Previous studies, based on
the use of randomly amplified polymorphic DNA (RAPD)
analyses, indicated that, in contrast to other pathogenic E. coli
groups (8, 30), ETEC strains that share an O:H serotype but
not necessarily the same virulence-associated factors belong to

clonal clusters (21, 22, 23). Moreover, RAPD analysis can
reveal variant genotypes among ETEC strains that share the
same O:H serotype and that belong to the same clonal cluster
(22, 23).

The O153:H45 CFA/I ST ETEC phenotype seems to be one
of the most frequently found phenotypes in Latin America and
Spain, where it represents a leading cause of infantile diarrhea
(1, 4, 6, 13, 28). It has been suggested that its prevalence
reflects the past and present extensive cultural and economic
interchanges by the populations in these regions (12). In the
present study we used RAPD analysis and pulsed-field gel
electrophoresis (PFGE) as DNA-based typing methods to in-
vestigate the genetic relationship among O153:H45 CFA/I ST
ETEC isolates collected from diarrheic children in Latin
America and Spain. The results show that the isolates with this
phenotype are clonally related; in addition, the analysis of
DNA profiles unveiled significant intraserotype diversity which
would otherwise pass unnoticed.

MATERIALS AND METHODS

Bacterial isolates. A total of 29 ETEC isolates that belonged to serotype
O153:H45 and that expressed the CFA/I ST phenotype were included in the
work described here (Table 1). Two nonflagellated isolates and one rough isolate
were putatively considered derivatives of a parenteral O153:H45 strain and were
included in the present analysis. All isolates were unable to ferment rhamnose
and, therefore, belonged to the same biotype. Twelve isolates were collected in
Brazil: 11 from São Paulo City (provided by B. E. Guth) and 1 from Recife, in
the northeastern region of Brazil (provided by M. Magalhães). Four isolates
from Mexico were kindly provided by A. Cravioto, while two isolates from Spain
were supplied by the International Escherichia coli and Klebsiella Center, Copen-
hagen, Denmark. Fourteen isolates were collected from different regions in
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Argentina: 7 from the middle-eastern region (1 from Buenos Aires, 2 from La
Plata, and 4 from Rosario) and 7 from the northeastern region (3 from Las
Dolores, 2 from Zaimán, and 2 from Posadas). The serotype, toxin, and CF
profiles of these isolates were determined by standard methods (4, 27). One
ETEC isolate, isolated in Argentina, that expressed the O78:H12 CFA/I ST
phenotype was included in the present work as an outgroup control sample for
comparative purposes.

RAPD typing. Bacterial growth, template DNA preparation, amplification
reactions, and electrophoretic analysis of products were performed as described
previously (22). Each isolate was independently tested with two primers: primer
1254 (5�-CCGCAGCCAA-3�) and primer 1290 (5�-GTGGATGCGA-3�). The
whole procedure was repeated at least three times for each isolate, and only
those bands consistently detected in different experiments were considered for
the RAPD profile definition. RAPD profiles were defined by a capital letter,
which indicates a similar band pattern, followed by a number, which indicates the
detection of at least one polymorphic band.

PFGE typing. Bacterial samples grown overnight at 37°C were harvested, and
the cell concentration was adjusted to 109 CFU/ml in buffer (75 mM NaCl, 25
mM EDTA [pH 7.4]). DNA was prepared in solid agarose plugs by mixing 500
�l of a bacterial cell suspension with an equal volume of 1.6% Pulse Field
Certified Agarose (Bio-Rad), followed by incubation overnight at 50°C in lysis
buffer (50 mM Tris-HCl [pH 8.0], 50 mM EDTA, 1% lauryl-sarcosine, 0.5 mg of
proteinase K per ml). The plugs were washed three times for 40 min each time

at 37°C in TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) and were then
washed with distilled water for 15 min at 37°C and finally washed with restriction
enzyme reaction buffer for 15 min. The samples were treated with fresh reaction
buffer containing 20 U of XbaI per plug at 37°C overnight. PFGE was performed
in a CHEF DRIII electrophoresis chamber (Bio-Rad) for 21 h at 6 V/cm and
14°C in a 1% agarose gel by using a linear pulse ramp of 5 to 50 s in 0.5�
Tris-borate-EDTA electrophoresis buffer. The PFGE patterns were designated
by different numbers.

Data analysis. The relatedness among RAPD or PFGE patterns was estimated
by the proportion of shared bands by applying the Jaccard coefficient (15). Data
recording and calculations were performed with RAPDistance programs, version
1.03 (3), and phenograms were constructed on the basis of the unweighted pair
group method with arithmetic means (UPGMA method) included in Molecular
Evolutionary Genetics Analysis software, version 1.02 (17).

RESULTS

RAPD typing. Amplifications performed with primer 1254
resulted in the identification of three RAPD profiles among
the O153:H45 isolates (Table 1 and Fig. 1A). These RAPD
patterns were distinguished by the presence of three polymor-

TABLE 1. Characteristics of the isolates studied

Isolate Geographic origina Date of isolation
(mo and yr or yr)

Phenotypic trait RAPD profiles
RAPD

type
PFGE
typeSerotype Toxin CF Rhamb Primer

1254
Primer
1290

AR1 Las Dolores (NE Argentina) Aug 1988 O153:H45 ST CFA/I � A1 B1 1 13
AR2 Las Dolores (NE Argentina) Dec 1988 O153:H45 ST CFA/I � A1 B1 1 13
AR3 Las Dolores (NE Argentina) Dec 1988 Rough:H45 ST CFA/I � A1 B1 1 13
AR4 Posadas (NE Argentina) Jan 1988 O153:H� ST CFA/I � A2 B1 2 1
AR5 Posadas (NE Argentina) Jan 1988 O153:H� ST CFA/I � A2 B1 2 1

AR6 Zaimán (NE Argentina) Nov 1989 O153:H45 ST CFA/I � A2 B1 2 2
AR7 Zaimán (NE Argentina) Dec 1989 O153:H45 ST CFA/I � A2 B2 3 4
AR8 Rosario (ME Argentina) May 1987 O153:H45 ST CFA/I � A2 B1 2 2
AR9 Rosario (ME Argentina) Apr 1989 O153:H45 ST CFA/I � A2 B1 2 1
AR10 Rosario (ME Argentina) Dec 1987 O153:H45 ST CFA/I � A2 B1 2 9

AR11 Rosario (ME Argentina) Mar 1988 O153:H45 ST CFA/I � A2 B1 2 9
AR12 La Plata (ME Argentina) Jun 1989 O153:H45 ST CFA/I � A2 B1 2 1
AR13 La Plata (ME Argentina) Apr 1988 O153:H45 ST CFA/I � A2 B1 2 7
AR14 Buenos Aires (ME Argentina) Dec 1987 O153:H45 ST CFA/I � A2 B1 2 7
BR1 São Paulo (SE Brazil) 1989 O153:H45 ST CFA/I � A2 B1 2 8

BR2 São Paulo (SE Brazil) 1989 O153:H45 ST CFA/I � A2 B1 2 8
BR3 São Paulo (SE Brazil) 1989 O153:H45 ST CFA/I � A2 B1 2 10
BR4 São Paulo (SE Brazil) 1983 O153:H45 ST CFA/I � A2 B1 2 7
BR5 São Paulo (SE Brazil) 1983 O153:H45 ST CFA/I � A2 B1 2 3
BR6 São Paulo (SE Brazil) 1984 O153:H45 ST CFA/I � A2 B1 2 12

BR7 São Paulo (SE Brazil) 1984 O153:H45 ST CFA/I � A2 B1 2 3
BR8 São Paulo (SE Brazil) 1984 O153:H45 ST CFA/I � A2 B1 2 ND
BR9 São Paulo (SE Brazil) 1985 O153:H45 ST CFA/I � A2 B1 2 3
BR10 São Paulo (SE Brazil) 1985 O153:H45 ST CFA/I � A2 B1 2 11
BR11 São Paulo (SE Brazil) 1985 O153:H45 ST CFA/I � A2 B2 3 7

BR12 Recife (NE Brazil) 1990 O153:H45 ST CFA/I � A3 B3 4 5
MX1 Mexico O153:H45 ST CFA/I � A2 B1 2 6
MX2 Mexico O153:H45 ST CFA/I � A2 B1 2 6
MX3 Mexico O153:H45 ST CFA/I � A2 B1 2 6
MX4 Mexico O153:H45 ST CFA/I � A2 B1 2 6

SP1 Spain O153:H45 ST CFA/I � A2 B4 5 14
SP2 Spain O153:H45 ST CFA/I � A2 B4 5 14
AR15 Cordoba (Argentina) O78:H12 ST CFA/I � A4 B5 6 15

a ME, middle-eastern; NE, northeastern; SE, southeastern.
b Rham, ability to ferment rhamnose.
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phic bands among a total of 13 amplified bands (23%). For
comparative purposes, an O78:H12 CFA/I ST ETEC isolate
was used as an outgroup control sample; it showed an RAPD
profile similar to those of other O78:H12 CFA/I ST isolates
from Brazil and Argentina (data not shown) and was therefore
considered representative of a clonal cluster distinct from the
O153:H45 group. The band pattern of the O78:H12 isolate
showed 53% polymorphic bands compared to the band pattern
of the isolates in the O153:H45 group (Fig. 1A). The A2 band
profile was shared by 28 of 32 O153:H45 isolates. Intraserotype
diversity was detected in the profiles of three isolates from Las
Dolores (northeastern Argentina), isolates AR1, AR2, and
AR3 (profile A1), and one isolate from Recife (northeastern
Brazil), isolate BR12 (profile A3) (Table 1 and Fig. 1A).

Amplifications with primer 1290 revealed four RAPD pro-
files (Table 1 and Fig. 1B) and seven polymorphic bands
among a total of 18 amplified bands (39%) among the O153:
H45 isolates. When these profiles of O153:H45 isolates were
compared with that of the O78:H12 isolate, 57% polymorphic
bands were identified (Fig. 1B). Twenty-seven of 30 isolates
from Latin America had the B1 RAPD profile (Table 1).
Intraserotype diversity was apparent from the variant profiles
obtained with primer 1290: only the isolate from Recife (iso-
late BR12) had the B3 profile, one isolate from São Paulo
(isolate BR11) and another isolate from Zaimán (isolate AR7)
had the B2 profile, and the B4 profile was exclusively identified
among isolates derived from Spain (Table 1).

By combining the data obtained with both primers, a total of
31 bands (32% polymorphic) were amplified and five different
RAPD types were defined for the O153:H45 isolates (Fig. 1
and Table 1). When the profiles for the isolates in the O153:
H45 group were compared to that for the O78:H12 isolate,
44% of the bands were polymorphic. Among the five different
RAPD types, type 2 was the most widespread in Latin America
and was found among isolates from Brazil, Mexico, and Ar-
gentina. RAPD type 1 was found only among ETEC isolates
from the community of Las Dolores (isolates AR1, AR2, and
AR3). The isolate from Recife (isolate BR12) was the only
representative of RAPD type 4. The two isolates from Spain

(isolates SP1 and SP2) defined RAPD type 5, which was not
shared by any Latin American isolate (Table 1). The degree of
similarity among the various RAPD types was estimated from
the electrophoretic patterns and was analyzed according to the
proportion of shared bands (Fig. 2A). The O153:H45 isolates
shared, on average, 84% of the amplified bands (minimum
value, 76%; maximum value, 92%). In contrast, the unrelated
O78:H12 isolate shared, on average, 56% of the amplified
bands (maximum value, 66%) with the O153:H45 group (Fig.
2A). These results indicate that ETEC isolates that express the
O153:H45 CFA/I ST phenotype belong to a cluster of geneti-
cally related strains. Nevertheless, a significant degree of ge-
netic diversity among the phenotypically indistinguishable
O153:H45 CFA/I ST isolates could be detected by RAPD
analysis.

PFGE typing. The extent of genetic variability among the
O153:H45 isolates was also analyzed by PFGE analysis of
XbaI-cleaved chromosomal DNA (Fig. 3 and Table 1). Four-
teen different electrophoretic patterns (about 20 bands each)
were distinguished. A total of 33 DNA bands were identified;
70% were polymorphic. The PFGE pattern of the representa-
tive O78:H12 CFA/I ST isolate, which showed 98% polymor-
phic bands, was clearly distinct from those detected among the
O153:H45 isolates. The discriminatory power of PFGE was
higher than that of RAPD analysis with two primers. A phe-
nogram derived from the PFGE data showed a significant
degree of similarity among the O153:H45 isolates, which
shared, on average, 77% of the amplified bands (minimum
value, 56%; maximum valve, 95%), whereas the representative
O78:H12 isolate shared, on average, only 4% of the amplified
bands with the isolates of the O153:H45 group (Fig. 2B).

As observed by RAPD typing, intraserotype variation was
also detected by PFGE analysis, with some of the types being
characteristic of certain geographic areas: the 3 isolates from
Las Dolores (isolates AR1, AR2, and AR3; type 13), the 4
isolates from Mexico (isolates MX11, MX12, MX13, and
MX14; type 6), the two isolates from Spain (isolates SP1 and
SP2; type 14) and the isolate from Recife (isolate BR12; type
5) were identified as distinct clones within the O153:H45
CFA/I ST cluster. PFGE analysis also showed that at least six
different O153:H45 clones exist in São Paulo City and that at
least one of them (type 7) was also isolated from Argentina (La
Plata and Buenos Aires). The four isolates from Rosario (iso-
lates AR8, AR9, AR10, and AR11), which were considered
identical by RAPD analysis (type 2), proved to represent three
different clones (types 2, 1, 9, and 9, respectively). These results
confirm the common clonal nature of the O153:H45 CFA/I ST
group and disclose a significantly higher degree of diversity
among the isolates compared with that detected by the RAPD
approach.

The two nonmotile isolates from Posadas (isolates AR4 and
AR5) displayed the same RAPD and PFGE types as O153:
H45 isolates from Rosario and La Plata (isolates AR9 and
AR12, respectively). Similarly, isolate AR3 from Las Dolores,
whose O antigen was not typeable, was identical (by both
RAPD and PFGE analyses) to the other two isolates from the
same region (isolates AR1 and AR2) (Table 1). Although not
typeable by certain phenotypic traits, those isolates were shown
to belong to the O153:H45 clonal cluster.

FIG. 1. RAPD profiles of O153:H45 CFA/I ST ETEC strains from
Latin America and Spain obtained with primers 1254 (A) and 1290
(B). Profiles are designated as indicated in Table 1 and are indicated
at the top. Arrows indicate the positions of 500 and 2,000 bp (bottom
and top arrows, respectively). The RAPD profile of a strain that ex-
pressed the O78:H12 CFA/I ST phenotype was included for compar-
ison (lane A4 in panel A and lane B5 in panel B).
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DISCUSSION

In this work we have shown that O153:H45 CFA/I ST ETEC
isolates from Latin America and Spain share a common ge-
netic origin. The analysis, based on RAPD and PFGE typing,
showed that all isolates tested shared a major fraction of their
fingerprints (an average of 84% of RAPD bands and 77% of
PFGE bands). In contrast, such a high degree of similarity was
not observed when this group was compared to an ETEC
isolate that expressed the same virulence-associated traits
(CFA/I ST) but that belonged to a different serotype, O78:H12
(with which an average of 56% of RAPD bands and 4% of
PFGE bands were shared). Our results showed that ETEC
isolates of phenotype O153:H45 CFA/I ST derived from dif-
ferent geographic areas represent a cluster of genetically re-
lated strains. More interestingly, despite the identical pheno-
type and common genetic origin of the O153:H45 CFA/I ST
ETEC isolates, both RAPD- and PFGE-based typing methods
were able to detect variant genotypes among the O153:H45
CFA/I ST ETEC isolates. In addition, using DNA-based typing
methods, we were able to define clones among isolates derived
from different geographic areas, which suggests that relevant
strain diversity is missed in studies based only on phenotypic
typing methods.

The observation that a few ETEC O:H serotypes frequently
isolated from diarrheic patients expressed fixed combinations
of phenotypic traits as biotypes and virulence-associated fac-
tors led to the formulation of the clonal concept to describe the
structure of bacterial populations (20). Subsequent studies
supported the notion that E. coli strains that share a combina-
tion of antigenic determinants are probably clonally related (9,
25, 29). A remarkable feature of ETEC strains isolated from
humans is the widespread distribution of some combination of

phenotypes. (O153:H45 CFA/I ST is one of the most widely
distributed and most frequently found ETEC phenotypes). A
possible explanation for this fact is the dissemination of one or
a few ancestral clones by means of human migration or travel.
Another possibility is the horizontal transfer of genes encoding
positively selected traits as virulence-associated factors among
genetically distinct strains. Our observations, based on RAPD
and PFGE analyses, suggest that ETEC strains that express the
same O:H serotype but not those that share only O serogroup
or virulence-associated factors are clonally related (21, 22, 23;
this study). The fact that virulence-associated factors do not
represent reliable clonal markers of ETEC strains is not sur-
prising since genes that code for toxins and CFs are usually
located in plasmids and are frequently flanked by insertion
sequences (10, 14, 32). The previous indication that CFs such
as CS17 and CFA/I could represent better clonal markers than
serotypes might be attributed to the restricted number of sam-
ples analyzed (25).

The definition of clonality should be flexible enough to take
into account the variability accumulated in the genomes as a
result of recent evolutionary divergence (2). Accordingly, the
criteria used for the definition of a clonal group by DNA-based
typing methods should be empirically adapted to the discrim-
ination power of the analysis and to the time frame and the
population under study. On the basis of the results of previous
studies of RAPD, typing the use of a borderline value of
approximately 80% shared amplified bands was appropriate to
define a clonal group when primers 1254 and 1290 were used
(21, 22, 23). For PFGE analysis, which has a higher degree of
discriminatory power than RAPD analysis, the minimum num-
ber of shared bands needed to identify clonally related ETEC
isolates decreases substantially. In the present investigation we
considered that isolates that shared more than 50% of their
fragments are likely to be genetically related. The definition of
such a limit was in accordance with suggested criteria for the
interpretation of PFGE patterns (26).

In the present study, the application of DNA fingerprinting
methods revealed intraclonal variations among phenotypically
identical isolates, and some of the genetic types identified
could be correlated with the geographic distribution of the
isolates. For example, ETEC isolates from Mexico and Spain
could be readily distinguished from each other and from any
other isolate from Latin American countries. Moreover, the
analysis of DNA profiles revealed that diverse (yet phenotyp-
ically identical) ETEC clones may circulate in the same area,
as is the case with São Paulo City (at least seven different
PFGE types) and the middle-eastern part of Argentina (four
PFGE types). In a recent study, ribotyping and plasmid pat-
terns were used, along with phenotypic traits, to characterize
ETEC strains isolated in a single area of endemicity in Mexico
during a 6-year period (16). Cluster analysis revealed a diver-
sity of clones, and their distribution was related to the time of
isolation. Similar to our results, it was observed that ETEC
diarrhea was caused by heterogeneous strains and that many
strains can be responsible for the disease that occurs in an area
of endemicity.

PFGE analysis represents a “gold standard” in epidemiolog-
ical studies of diverse bacterial pathogens including other E.
coli groups (2, 18, 19, 26). In the present study, XbaI-generated
DNA fingerprints proved to be more sensitive than RAPD

FIG. 3. PFGE profiles of XbaI-restricted DNA of O153:H45 CFA/I
ST ETEC strains from Latin America and Spain. Profiles are desig-
nated as indicated in Table 1 and are indicated at the top. DNA
markers are indicated on the left. The PFGE profile of a strain that
expressed the O78:H12 CFA/I ST phenotype was included for com-
parison (type 15).
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analysis (performed with two primers) for the detection of
genetic diversity among phenotypically identical strains. Ad-
vances in automation of PFGE analysis have simplified the
large-scale use of the technique, and the application of stan-
dardized protocols has allowed comparison of patterns gener-
ated at different laboratories. Thus, the establishment of a
PFGE database of ETEC strains, at least in reference labora-
tories, could improve the analysis of data generated at different
locations. Implementation of DNA-based typing methods for
the characterization of ETEC isolates could have a significant
impact on epidemiological studies and could also contribute to
a better understanding of the genetic structure of natural
ETEC populations.
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