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O antigen is part of the lipopolysaccharide present in the outer membrane of gram-negative bacteria. The
surface-exposed O antigen is subject to selection by the host immune system, which may account for the
maintenance of many different O-antigen forms. Characteristically, all genes specific to O-antigen synthesis
are clustered in a region close to the his and gnd genes on the chromosome of Escherichia coli and related
species. Shigella sonnei, essentially a clone of E. coli (E. coli clone Sonnei), is an important human pathogen and
is unusual in that its O-antigen gene cluster is located on a plasmid. Our results suggest that it once had a
normal chromosomal O-antigen gene cluster which has been largely deleted. We suggest that the O antigen
encoded by the plasmid-borne genes offered a selective advantage in adapting to a new environment and that
the chromosomal O-antigen genes were eventually inactivated. We also identified, by PCR and sequencing, a
potential ancestor of E. coli Sonnei among the 166 known E. coli serotype strains.

Shigella spp. cause diseases ranging from diarrhea to bacil-
lary dysentery. Four species—Shigella dysenteriae, Shigella flex-
neri, Shigella boydii, and Shigella sonnei—are recognized, but
all are sufficiently similar to Escherichia coli to be placed in the
same species (4, 6, 11, 22, 25). Thus, Shigella strains should be
treated as E. coli clones, with host specificity and a particular
mode of pathogenesis. We refer to Shigella sonnei as E. coli
clone Sonnei.

The O antigen is an extremely variable surface polysaccha-
ride. There are 166 known O antigens recognized in the E. coli
typing scheme (18) and about 37 among Shigella strains (5, 7,
8, 17). The genes for O-antigen synthesis are normally grouped
together on the chromosome in a gene cluster which maps
close to gnd in both E. coli and Salmonella enterica. We, among
others, have undertaken an extensive study of the genetic basis
of O-antigen variation by sequencing and identifying the O-
antigen genes, mostly in S. enterica and E. coli (see reference
26 for a review). It has been found that, in general, O-antigen
genes are of low G+C content (usually less than 40%). We
have suggested that this deviation in G+C content from those
of typical S. enterica or E. coli genes (51%) indicates that the
O-antigen DNA originated in species other than S. enterica or
E. coli and was captured by lateral transfer (15).

Most E. coli strains have a colanic acid (CA) gene cluster
upstream of the O-antigen gene cluster, separated by two
genes including galF (Fig. 1) (28). CA is an extracellular poly-
saccharide which is widely found within E. coli and other spe-
cies of the family Enterobacteriaceae, including S. enterica (12).
CA contains fucose, and the gene cluster contains the manC
and manB genes (Fig. 1) (28), which encode phosphomanno-
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mutase and mannose-1-phosphate guanyltransferase, both in-
volved in the synthesis of GDP-mannose, GDP-fucose, and
GDP-colitose (2, 10, 15, 28). When an O antigen has one or
more of these sugars, there are manB and manC genes in the
O-antigen gene cluster. For example in S. enterica LT2, there
are copies of these two genes in both the CA and O-antigen
gene clusters (29). The two copies of the man genes can exhibit
major sequence divergence without any functional divergence
(1, 16). The O-antigen gene manB is of particular interest, as
in S. enterica C1 (16) and E. coli O7 (20) it differs in G+C
content from the manC gene of the same O-antigen gene
cluster and closely resembles in G+C content and sequence
the manB gene of the CA gene cluster of the same species (61%
G+C content in S. enterica and 55% in E. coli). It appears that
the manB genes of the S. enterica C1 and E. coli O7 clusters
have been obtained from a CA gene cluster (16, 20).

Clone Sonnei has an O antigen not otherwise found in E. coli
but which is identical to that of serotype 17 of Plesiomonas
shigelloides. The O-antigen genes of Sonnei are unusual in that
they occur on a plasmid; it has recently been shown that they
will hybridize to the chromosomal O-antigen genes of P. shig-
elloides serotype O17 (30) and that for at least a few hundred
base pairs the Sonnei O-antigen gene cluster is identical in
sequence to that of P. shigelloides O17 (14). Sonnei, and indeed
all Shigella and many other human pathogenic clones of E. coli,
are thought to have relatively recently adapted to the diarrhea-
causing mode of pathogenesis in humans (9, 21). It appears
that the Sonnei O antigen has been transferred from P. shig-
elloides, and one of us has suggested that the acquisition of an
O antigen from another species may be related to this adoption
of a new niche in the last 10,000 years (27).

Nothing was known of the chromosomal O-antigen genes
presumably present in Sonnei prior to acquisition of the plas-
mid-encoded gene cluster. Sonnei strains which have lost the
plasmid lack O antigen, suggesting that O-antigen genes at the
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FIG. 1. Organization of the E. coli K-12 CA and O-antigen gene clusters and comparison of the CA gene clusters of K-12 and clone Sonnei (strain M564 [ATCC
11060]). Restriction sites (E, EcoRI; M, Mlul; H, HindIII; Bg, Bg/II) in the CA region are indicated. The EcoRI site at about position 10.1, which is not present in the
K-12 CA DNA, is indicated by boldface type. Regions covered by plasmids used in Southern blotting are shown above the K-12 CA map. The priming sites of

oligonucleotides 899 and 482 are indicated.

chromosomal site are nonfunctional. We report the cloning
and sequencing of remnant chromosomal O-antigen genes
from Sonnei and show that the upstream part of the CA gene
cluster and the downstream part of the original O-antigen gene
cluster have been fused by a deletion involving recombination
between the manB genes in each cluster.

Location of Sonnei CA genes by Southern blotting. We first
attempted long PCR amplification of the clone Sonnei chro-
mosomal O-antigen gene cluster by using primers for the
JUMPstart sequence present at the 5 end of the O-antigen
gene clusters (13) and the gnd gene (Fig. 1), but this failed to
give a product. We then carried out PCR to amplify the galF
and gnd genes (Fig. 1) but succeeded only with the gnd gene
and concluded that there could be a deletion from the CA gene
cluster extending into the O-antigen cluster. We next looked at
the CA gene cluster in Sonnei by Southern blotting with clones
of E. coli K-12 CA DNA (28) as probes.

The inserts of plasmids pPR1653, pPR1178, and pPR1445,
which together cover most of the E. coli K-12 CA gene cluster
(Fig. 1) (28), were labelled and used as probes for hybridiza-
tion to blotted restriction fragments of Sonnei and K-12 chro-
mosomal DNA. The inserts of pPR1653 and pPR1178, carry-
ing the K-12 CA DNA from positions 728 to 8780 and 8780
to 12310 (K-12 CA map positions; GenBank accession no.
U38473), hybridized to Sonnei DNA (data not shown); com-
parison of the Southern blots for BamHI, Bg/ll, Mlul, Mlul-
HindIll, EcoRI-Bglll, EcoRI-BamHI, and BamHI-HindIII
shows that the K-12 sites in this region are conserved in Sonnei
but that there is one extra EcoRI site at about position 10100
in Sonnei (Fig. 1). Hybridization of the insert of pPR1445
shows that restriction sites from position 12310 to the Bg/II site
at position 14204 are also present in Sonnei (Fig. 1). Thus, CA
DNA from the 5’ end of the gene cluster to at least position
14204 is present in Sonnei, but most of the remainder appears
to have been lost.

Sonnei DNA between the CA and gnd genes. To study the
clone Sonnei DNA between the CA gene cluster and the gnd
gene, primers binding to K-12 CA DNA positions 13387 to
13408 (primer 899) and gnd DNA positions 39 to 4 (primer
482) were used to PCR amplify Sonnei chromosomal DNA; a
2.1-kb DNA fragment was obtained and was then cloned into
pGEM-T to make plasmid pPR1790. The insert of plasmid
pPR1790 was sequenced, and the sequence was compared with

those in databases. The sequence from positions 1 to 586 has
98.5% identity at the DNA level with K-12 CA DNA from
positions 13409 to 13994, which comprises the 3" half of manC
and the first nine codons of manB (Fig. 2) (28). The sequence
from positions 587 to 1889, which comprises all but the first 9
and last 12 codons of manB, is almost identical to those of both
K-12 CA DNA (positions 13995 to 15297) (28) and E. coli O7
DNA (positions 2401 to 3702), with 97 and 96% identity,
respectively (Fig. 2) (19). The DNA from positions 1890 to
2096, which includes the last 12 codons of manB, the intergenic
region, and the first codon of gnd (Fig. 2), has 93.7% identity
with E. coli O7 DNA (19) (positions 3703 to 3907).

The Sonnei DNA that we have sequenced has the CA form
from positions 1 to 1889 and the O7 O-antigen form from
positions 587 to 2096, with overlap between positions 587 and
1889, where the CA and O7 forms are very similar. The sim-
plest hypothesis is that the parent of the Sonnei clone had an
O-antigen gene cluster resembling that of E. coli O7, with a
manB gene nearly identical (except for the last 12 codons) to
that of the CA gene cluster, and that recombination between
the manB genes in this segment of nearly identical sequence
led to deletion of three genes of the CA cluster, two interven-
ing genes, and all but the manB gene of the O-antigen cluster

(Fig. 3).
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FIG. 2. The clone Sonnei chromosomal O-antigen region. Gene names and
relevant base positions are given. Priming sites for the oligonucleotides used in
PCR against all known E. coli serotypes are indicated by arrows. Regions with
high-level DNA identity to K-12 CA or O7 O-antigen DNA are indicated by lines
below the diagram.
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FIG. 3. Potential mechanism for the inactivation of the clone Sonnei chromosomal O-antigen gene cluster.

O antigen of the ancestral Sonnei strain. In E. coli O7, the
gene order at the end of the O-antigen gene cluster is manC,
manB, and gnd, and the clone Sonnei sequence is consistent
with the parent being an O7 E. coli strain. To determine if O7
strains are the only potential parents for Sonnei, we carried out
PCR on representative strains for each of the 166 known
E. coli O antigens (7, 23, 24) by using oligonucleotides 939 (5’
TTTGATGGCGATTTTGACCGC) and 951 (5" CATTGTTT
ACTCCTGTCAGGG). Oligonucleotide 939 binds to positions
1289 to 1339 in the middle of the Sonnei manB gene, and 951
binds to positions 2096 to 2076, part of the intergenic region
between manB and gnd including the first codon of gnd (Fig.
2). Chromosomal DNA was isolated with the Promega geno-
mic isolation kit and checked by gel electrophoresis. PCR
amplification of the mdh gene with the same primers as used by
Boyd et al. (3) was done as a positive control for each of the
166 strains. In addition to O7, strains from 14 other serotypes
produced PCR bands of the same size as that of Sonnei (with
the differences in sequence from that of Sonnei in paren-
theses): 06 (3.51%), O7 (5.56%), O11 (2.92%), O14 (4.24%),
020 (2.92%), 034 (3.65%), 039 (3.36%), O41 (4.09%), 043
(4.09%), 058 (4.53%), 062 (1.61%), 066 (12.28%), O88
(3.51%), 0125 (4.09%), and 0131 (3.8%). These strains must
each have a manB gene as the final gene in the O-antigen gene
cluster. We conclude that Sonnei may have arisen from an 062
strain, as its manB sequence shows only 1.61% difference from
that of Sonnei in the sequenced region.

Conclusions. We have shown that clone Sonnei has a rem-
nant O-antigen gene cluster on the chromosome, most of the
original cluster having apparently been deleted by homologous
recombination between manB genes in the O antigen and
adjacent CA gene clusters. Sonnei has its functional O-antigen
genes on a plasmid, and they are thought to have been ac-
quired from P. shigelloides by lateral transfer on this plasmid.
The finding that a presumably typical chromosomal O-antigen
gene cluster has been lost by deletion indicates that the current
situation in Sonnei arose by a gain of O-antigen genes on a
plasmid followed by inactivation of the original chromosomal
O-antigen gene cluster. Diseases of humans caused by enteric
bacterial infections are thought to have emerged after agricul-
tural settlement, about 8,000 B.C., because the natures of their
infection and transmission make them unlikely to be successful
in the previous hunter-gatherer society (9, 21). Thus, Sonnei is
thought to have emerged as a human pathogenic clone of
E. coli in the last 10,000 years. We suggest that capture of the
O-antigen gene cluster from P. shigelloides and loss of function
of the original O-antigen gene cluster occurred in that period
as part of the adaptation to a new niche.

Nucleotide sequence accession numbers. The Sonnei se-
quence has been deposited in GenBank under accession no.

AF031957; those of E. coli strains are as follows: AF053603
(06), AF053592 (O11), AF053595 (O14), AF053596 (020),
AF053597 (034), AF053598 (039), AF053599 (041), AF053600
(043), AF053601 (058), AF053602 (062), AF053605 (066),
AF053604 (088), AF053593 (0125), and AF053594 (O131).
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