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In most cases, Escherichia coli exists as a harmless commensal organism, but it may on occasion cause

intestinal and/or extraintestinal disease. Enterotoxigenic E. coli (ETEC) is the predominant cause of E.
coli-mediated diarrhea in the developing world and is responsible for a significant portion of pediatric deaths.
In this study, we determined the complete genomic sequence of E. coli H10407, a prototypical strain of
enterotoxigenic E. coli, which reproducibly elicits diarrhea in human volunteer studies. We performed genomic
and phylogenetic comparisons with other E. coli strains, revealing that the chromosome is closely related to
that of the nonpathogenic commensal strain E. coli HS and to those of the laboratory strains E. coli K-12 and
C. Furthermore, these analyses demonstrated that there were no chromosomally encoded factors unique to any
sequenced ETEC strains. Comparison of the E. coli H10407 plasmids with those from several ETEC strains
revealed that the plasmids had a mosaic structure but that several loci were conserved among ETEC strains.

This study provides a gen
been published.

etic context for the vast amount of experimental and epidemiological data that have

Current dogma suggests the Gram-negative motile bacte-
rium Escherichia coli colonizes the infant gut within hours of
birth and establishes itself as the predominant facultative
anaerobe of the colon for the remainder of life (3, 59). While
the majority of E. coli strains maintain this harmless existence,
some strains have adopted a pathogenic lifestyle. Contempo-
‘rary tenets suggest that pathogenic strains of E. coli have ac-
quired genetic elements that encode virulence factors and en-
able the organism to cause disease (12). The large repertoire of
virulence factors enables E. coli to cause a variety of clinical
manifestations, including intestinal infections mediating diarrhea
and extraintestinal infections, such as urinary tract infections,
septicemia, and meningitis. Based on clinical manifestation of
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disease, the repertoire of virulence factors, epidemiology, and
phylogenetic profiles, the strains causing intestinal infections can
be divided into six separate pathotypes, viz., enteroaggregative E.
coli (EAEC), enteroinvasive E. coli (EIEC), enteropathogenic E.
coli (EPEC), enterohemorrhagic E. coli (EHEC), diffuse adher-
ing E. coli (DAEC), and enterotoxigenic E. coli (ETEC) (33,
35, 39).

ETEC is responsible for the majority of E. coli-mediated
cases of human diarrhea worldwide. It is particularly prevalent
among children in developing countries, where sanitation and
clean supplies of drinking water are inadequate, and in trav-
elers to such regions. It is estimated that there are 200 million
incidences of ETEC infection annually, resulting in hundreds
of thousands of dcaths in children under the age of 5 (55, 64).
The essential determinants of ETEC virulence are traditionally
considered to be colonization of the host small-intestinal epi-
thelium via plasmid-encoded colonization factors (CFs) and
subsequent release of plasmid-encoded heat-stable (ST)
and/or heat-labile (LT) enterotoxins that induce a net secre-
tory state leading to profuse watery diarrhea (20, 62). More
recently, additional plasmid-encoded factors have been impli-
cated in the pathogenesis of ETEC, namely, the EatA serine
protease autotransporter (SPATE) and the EtpA protein,
which acts as an intermediate in the adhesion between bacte-
rial flagella and host cells (23, 32, 42, 46). Furthermore, a
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TABLE 1. General characteristics of three sequenced
E. coli chromosomes

Value

Characteristic
H10407 K-12 HS
Etiology Pathogen  Laboratory strain  Commensal
Length (bp) 5,153,435 4,643,538 4,686,137
GC content (%) 50.8 50.8 50.8
Total no. of CDSs 4,746 4,384 4,200
tRNA genes 87 86 86

rRNA genes 7 7 7

number of chromosomal factors arc thought to be involved in
virulence, e.g., the invasin Tia; the TibA adhesin/finvasin; and
LeoA, a GTPase with unknown function (14, 21, 22). E. coli
H10407 is considered a prototypical ETEC strain,; it expresses
colonization factor antigen 1 (CFA/T) and the heat-stable and
heat labile toxins. Loss of a 94.8-kb plasmid encoding CFA/I
-and a gene for ST enterotoxin from E. coli strain H10407 leads
to reduced ability to cause diarrhea (17).

Here, we report the complete genome sequence and viru-
lence factor repertoire of the prototypical ETEC strain
H10407 and the nucleotide sequence and gene repertoire of
the plasmids from ETEC strain E1392/75, and we describe a
novel conserved secretion system associated with the se-
quenced ETEC strains.

MATERIALS AND METHODS

Bacterial strains and sequencing. The ETEC O78:H11:K80 strain H10407 was
isolated from an adult with cholera-likc symptoms in the course of an epidemi-
ologic study in Dacca, Bangladesh, prior to 1973 (19) and was shown to cause
diarrhea in adult volunteers (6. 17). The L. coli H10407 isolate that was sc-
quenced was from the Walter Reed Army Institute of Research (WRAIR)
¢GMP stock manufactured in February 1998 as lot 0519. The whole genome was
sequenced to a depth of 8X coverage from pUCI19 (insert size. 2.8 to 5 kb) and
PMAQID (insert size, 5.5 to 10 kb) small-insert libraries. Sanger sequencing was
carricd out using Amersham Big Dyc (Amersham, United Kingdom) terminator

"chemistry on ABI3700 sequencing machines. End sequences from larger-insert
plasmid (pBACc3.6; 20- to 30-kb inscrt sizc) librarics were uscd as a scaffold.
Sequence reads were assembled into contigs with Phrap (P. Green, unpublished
data) and finished using GAP4, as described previously (33). The plasmids from
the ETEC O6:H16:K15 strain E1392/75, which was isolated from a patient in
Hong Kong with diarrhea, express the CFA/II (CS1 and CS3) colonization
factors and produce the ST and LT toxins and were also sequenced using a
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similar approach (7, 50. 60). Plasmid DNA for ETEC E1392/75 was provided by
Acambis United Kingdom.

Gene prediction, annotation, and comparative analysis. Annotation was car-
ricd out using the genome viewer Artemis (47). Coding scquences were predicted
using the gene prediction programs Orpheus (26), Glimmer2 (11), and Glim-
mer3 (10) and then manually curated. Protein domains were marked up using
Pfam (48), and transmembrane domains and signal sequences were predicted
using TMHMM and SignalP. respectively (15. 37). Annotation was transferred
from previously annotated k. coli genomes to orthologous genes and manually
curated. A homologue was considered to be present if a hit was found with
>60% identity over at least 80% of the length of the query protein. Regions of
difference (ROD) and plasmids were annotated and curated manually.

Nucleotide sequence accession numbers. The annotated genome sequence of
ETEC H10407 and the plasmids from ETEC H10407 and E1392/75 have been
deposiled in the EMBL databases (accession number FN649414 for the com-
plete ETEC H10407 chromosome: Tables 1 and 2 list the general features of the
nucleotide sequences and accession numbers for the plasmids).

RESULTS AND DISCUSSION

Structure and general features of the ETEC H10407 chro-
mosome. The ETEC H10407 genome consists of a circular
chromosome of 5,153,435 bp and four plasmids designated
pETECY948, pETEC666, pETECS8, and pETEC52. The gen-
eral features of the ETEC H10407 chromosome are presented
in Table 1 and the plasmids in Table 2. We identified 4,746
protein-coding genes (CDSs) in the chromosome, 33 (0.67%)
of which did not have any match in the database, while 579
(11.67%) encoded conserved hypothetical proteins with no
known function and 503 (10.14%) were genes associated with
mobile clements, such as integrases or transposases, or were
phage related. We have identified 25 ROD that occur in the
ETEC H10407 genome and are differentially distributed
among the other sequenced E. coli chromosomes (Fig. 1; see
Table S1 in the supplemental material). The combined size of
these ROD is 755,359 bp (14.7% of the chromosome) and
includes nine prophages, designated ETP29, -33, -86, -128,
-216, -284, -295, -468, and -507, where the numeric designa-
tions denote their approximate positions (times 10,000 bp) on
the chromosome. None appeared to carry cargo genes related
to virulence.

Comparative genomics of the ETEC H10407 chromosome.
Previously, a phylogeny was constructed based on the concat-
enated sequences of 2,173 genes that are conserved in all E.
coli strains and in Escherichia albertii and Escherichia ferguso-

- TABLE 2. General characteristics of the plasmids from ETEC strains H10407 and E1392/75

Value in k. coli:

Charactcristic
H10407 E1392/75

Plasmid pETEC948 pETEC666 pETEC58 pETEC52 pETECI018 pETEC746 pETECS557 pETEC75 pETECS62
Accession no.  FN649418 FN649417 FN649416 FNG49415 FN822745 IN822748 FN822746 FN822749 FN822747
Size (bp) 94,797 66,681 5,800 5.175 101,857 74,575 55,709 7,497 6,222
No. of CDSs 115 88 7 6 165 117 73 9 13
Rep RepFIIA RepFIIA ColE2 ColEL RepFIIA Repll RepFIB/Repll  ColEl ND”
Stability genes StbAB, PsiAB, SopAB, StbAB, PsiAB, StbAB, PsiAB, StbAB, SopAB. PsiAB

YacAB, RelE Mok/Hok CedAB NikAB

- Insertion 1S1, 182, 1S3, 1866, IS1, 1821, 1866, 1S600, IS7. 182. 1S3, 1S21, 182, 1S160. 1S/, 1S30, 1S66. 1S100 ISCR2
elements 1891, 1S100, 18629. 181294, 1SEcs 1830. 1S66, 1891, 1S1%6. 1S100, 18911,

18911, 181414, 18100, 18629, 181328 1SShdyl

ISEc10, 1SEci2, 1S630, 18639,

1SSfi4, Tn3 1S911, 1IS1414,

1SShdyl

“ND, not determined. pETEC62 has a gene conserved among many small plasmids that is annotated as a “probablc replication initiation protein.” but no

experimental evidence exists for this function.
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-determine whether fimbrial systems other than those men-
tioned above might play a crucial role in ETEC pathogenesis,
we investigated conservation of putative fimbrial loci among
the available E. coli sequences. ETEC H10407 contains 12
additional loci predicted to encode fimbriae, all of which are
chromosomally located (see Table S5 in the supplemental ma-
terial). Four of these loci (mat, sfm, ycb, and yde) contain
pseudogenes and were considered nonfunctional. We sought
to establish if E. coli H10407 harbored ETEC-specific fimbrial
‘loci that might not be expressed by commensal E. coli, E. coli
K-12, or enteroaggregative E. coli. The vast majority of fimbrial
operons identified are also located in commensal and labora-
tory strains, with notable exceptions. The ygi and stf-mrf fim-
brial loci are present in E. coli H10407 but contain pseudo-
genes in commensal or laboratory E. coli strains. However, an
apparently functional ygi operon is also present in enteroag-
gregative E. coli strain 042, and thus, a functional ygi locus does
‘not appear to be ETEC specilic. Indeed, the ygi operon does
not appear to be present in ETEC B7A (4). With regard to the
stf-mrf operon, the mrfC gene is a pseudogene in E. coli K-12
but not in ETEC H10407. This six-gene cluster (smnf4-mrfCD-
StfEFG) is present in ETEC E24377A and EAEC 042, though
with some divergence in the stf genes.

Finally, the ETEC E1392/75 pETEC62 plasmid possesses
CDSs encoding a type II dihydropteroate synthase gene con-
ferring sulfonamide resistance and CDSs encoding streptomy-
.cin phosphotransferase genes conferring streptomycin resis-
tance. The plasmid possesses 99% nucleotide identity with the
ETEC E24377A pETEC_6 plasmid and shares high levels of
identity with plasmids from a variety of E. coli strains, including
the Shigella sonnei pKKTET7 and the EPEC pE2348-2 plas-
mids However, this plasmid has no homologue in ETEC
H10407 and no detectable homology among the ETEC B7A
sequences, suggesting it may not be widespread among ETEC
strains and thus is not essential for ETEC-mediated diarrhea.

In conclusion, the putative and known virulence genes iden-
tified on the plasmids of E. coli H10407 have differential dis-
tributions among the sequenced ETEC strains. In all cases, the
ETEC strains possess genes encoding the ST and/or LT toxins
(sta and/or eltAB, respectively), a chaperonc-usher fimbrial
biogenesis locus (e.g., the cfa locus), and components of an
aat-cexE dispersin-like type I secretion system. Thus, despite
the variation in individual plasmid gene contents, comparison
of the entire plasmid complement of the sequenced ETEC
‘'strains suggests that there is a conserved core of genes con-
tained on the plasmids that are predicted to be involved in
virulence and may be essential for the establishment of ETEC-
mediated disease.

ETEC plasmids demonstrate a mosaic structure. To deter-
mine whether the virulence factors identified above were en-
coded on a specific plasmid, or repertoire of plasmids, we
examined the nucleotide sequence identity shared by the
ETEC plasmids. The nucleotide sequences of the conjugative
plasmids from each of the ETEC strains H10407, E1392/75,
and E24377A were concatenated and compared using
BLASTn. The levels of nucleotide sequence identity between
pCoo and the other ETEC plasmids were determined in a
similar manner. These comparisons revealed that while the
plasmids all belong to a narrow subset of incompatibility
groups (see below), extensive rearrangements and recombina-
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tion events have occurred, resulting in individual plasmids that
vary in their repertoires of virulence genes (Fig. 3; see Table S4
in the supplemental material). Such recombination can be seen
by examining the distribution of the eat4 gene. Thus, the eatd
gene is not present in ETEC strain 1392/75, and in ETEC
strain E24377A, the eat4 gene is located on pETEC_74 and
the eltAB, aatPABC, and etpABC loci are located on
pETEC_80. In contrast, in ETEC strain H10407, the eat4 gene
is collocated with etpABC and aatPABC on pETECY948,
whereas the elt4AB locus is located on pETEC666. The eat4
gene is present on ETEC C921b-1 pCoo, along with cooABCD;
however, in ETEC strain E24377A, cooABCD is located on a
separate plasmid (pETEC_73) (Fig. 3; see Table S4 in the
supplemental material). Other virulence-associated genes also
display such differential distributions (see Table S4 in the sup-
plemental material), suggesting that the extrachromosomal
components of the ETEC genome are in a state of flux (34, 44).
Notably, the plasmids contain an extensive repertoire of IS
elements and transposons (Table 2) (34); it is likely that the
mobility of these genetic elements, or recombination between
the elements, gives rise to the observed mosaic structure of the
ETEC plasmids.

Similar comparisons of the small mobilizable plasmids of the
ETEC strains did not demonstrate recombination between the
mobilizable plasmids. Furthermore, there did not appear to be
any significant exchange of genetic material between the con-
jugative plasmids and the small mobilizable plasmids (data not
shown).

Plasmid stability and maintenance functions of the ETEC
plasmids. To determine whether the virulence factors de-
scribed above were encoded on self-transmissible plasmids, we
examined the CDSs encoding the plasmid maintenance and
transfer functions of each ETEC plasmid. A complete descrip-
tion of E. coli H10407 pETEC666 has been published (41), and
the complete repertoire of genes for each ETEC plasmid are
given in the EMBL databases (see Table 2 for accession num-
bers); thus, only the most salient features are described here.
Plasmid nomenclature utilizes a system based on incompatibil-
ity groupings; plasmids of the same incompatibility group
should not coexist within the same bacterial cell because of the
similarity of their replication systems (34). However, sequence
analyses of the CDSs encoding the plasmid replication func-
tions of the repertoire of ETEC plasmids revealed that the
large conjugative-like plasmids of E. coli strains H10407,
E1392/75, and E24377A belong to a narrow subset of incom-
patibility groups and comprise multiple plasmids with the same
replication mechanism (Fig. 3 and Table 2). Thus, the E. coli
H10407 plasmids pETEC948 and pETEC666 belong to the
RepFIIA (IncFIIA) subset of incompatibility groupings and
have RepAl1 proteins that share 94% identity (95% similarity),
whereas the E. coli E1392/75 plasmids pETEC746 and
pETECS557 harbor Repl1 (IncIl) replication functions (E. coli
E1392/75 pETECSS57 is an apparent cointegrate of RepF1B
and Repll plasmids; such cointegration has previously been
noted for E. coli C921b-1, where pCoo represents a cointegrate
between a RepFIIA and a Repll plasmid [28]), with the cor-
responding RepZ proteins sharing 94% identity (95% similar-
ity). Similarly, the previously described ETEC strain E24377A
(44) possesses three plasmids with RepFIIA functions. The
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