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The multigenic kps cluster in Escherichia coli Kl encodes functions for synthesis of a polysialic acid capsule.
DNA probes flanking each side of the cluster were hybridized to lambda clones bearing overlapping E. coli
W3110 genomic fragments. These fragments covered the region between 60 and 70 map units on the
chromosome. The results located kps to an accretion domain near 64 map units and established the orientation
of kps cluster genes. Acquisition of kps by the E. coli genome was apparently the result of an ancestral
transpositionlike addition event.

Invasive Escherichia coli strains isolated from humans
and other animals are often encapsulated (5, 6). The encap-

sulating structures are usually polysaccharides designated K
antigens after the German word for capsule, "Kapsel" (8).
Of the more than 70 K antigens that have been described, a

few are consistently associated with invasive disease, in
which capsules function as antiphagocytic barriers to host
immune mechanisms (5, 6). One of these capsules, the Kl
antigen, is an unbranched homnopolymer of sialic acid and a

virulence factor in neonatal meningitis and urinary tract
infections (reviewed in reference 13). Identical polysialic
acid moieties exist as capsules on Neisseria meningitidis
group B, Pasteurella haemolytica A2, and Moraxella non-

liquefaciens organisms and on N-linked glycan chains of
neural cell adhesion molecule and sodium channel polypep-
tides in vertebrates (reviewed in reference 13). Since only E.
coli of a specific K-antigen type contain the genes for that
capsule's synthesis (3), the origin of capsule genes encoding
identical polysaccharides in otherwise distantly related spe-
cies is provocative from an evolutionary standpoint.

Several K-antigen gene clusters, including Kl, are located
near serA at a site previously designated kpsA (9). Various
approaches have helped to identify a common genetic orga-
nization for kps cluster genes in which a central cassette
(region 2) of sugar-specific genes is flanked on each side by
genes encoding more general functions (regions 1 and 3) for
polysaccharide assembly and perhaps translocation (1, 15).
Some of the flanking genes are functionally interchangeable
between different K-antigen serotypes (11), suggesting the
possibility of homologous recombination between the shared
regions 1 and 3 of these serotypes. This mechanism can
account for capsule structural diversity and is consistent
with the allelism noted previously for kps clusters which map
near serA (9). The capacity to rapidly integrate region 2
genes coding for new capsule structures into different repli-
cons by horizontal (lateral) gene transfer may have selected
for the observed cassettelike organization of kps clusters. To
begin testing these ideas, kps was mapped and its overall
genetic organization was determined. The results suggest
that the cluster for Kl synthesis was inherited as a block,
presumably by a transpositionlike event.

Probe derivation and mapping strategy. Partial restriction
maps of the kps cosmids pSR23 (12) and pSX49 (15) are

shown in Fig. 1. As documented previously (15), restriction
sites in the 17-kb kps clusters of these cosmids were similar.
A similar distribution of restriction sites also exists within

the kps clusters of plasmids pSX48 (15) and pKT274 (3).
Since pSX49 was isolated from a hybrid strain constructed
by conjugation between a Kl donor and an E. coli K-12
recipient (17), it was likely that non-kps DNA sequences
flanking the cluster would be present in acapsular strains of
E. coli. Hence, kps could be mapped by hybridization by
using appropriate nucleic acid probes for flanking sequences.

Plasmids pSR41, pSR26, and pSX49 were digested with
EcoRI to yield probes A to C, respectively (Fig. 1). Probe D
was isolated after EcoRI digestion of pSX49 and purification
of the 7-kb fragment from agarose with Geneclean (Bio 101,
La Jolla, Calif.). Similarly, probes E to G were isolated after
appropriate digestion of pSX50 (Fig. 1). A more complete
description of each plasmid used in this study is given in

Vimr et al. (15).
Map position and orientation of kps. Kohara et al. (7)

recently constructed a physical map of the entire E. coli
W3110 chromosome by orienting overlapping lambda
clones. To map kps, 2- to 2.5-,ul samples (10 1to 109 PFU/ml)
of each lambda clone, together defining the W3110 genome
between 60 and 70 map units (Fig. 2A), were spotted with a
lawn of permissive E. coli K-12 and incubated overnight at
37°C. The lytically propagated phage were adsorbed onto
charged nylon membranes and processed for hybridization
by a plaque lift method (2). PrQbe labeling with [a-32P]dCTP,
prehybridization, and hybridization were carried out as

described in Steenbergen and Vimr (14). Probe C contained
the entire kps cluster plus flanking sequences. This probe
hybridized to lambda clones 22H4, 3D11, and 1G7 (Fig. 2A
and B). To confirm that only non-kps flanking sequences
were being detected, the set of lambda clones shown in Fig.
2A was hybridized with probes E to G. As expected, if
W3110 lacked kps sequences, these probes did not hybridize
with any Kohara clone. Since probe G did not hybridize, this
result also indicated that the most distal region 1 sequences
in pSX49 were flanked by little or no non-kps DNA (Fig. 1).
Taken together, these results indicated that the hybridization
signals detected with probe C in Fig. 2B were due to non-kps
sequences flanking region 3 (Fig. 1). In further support of
this conclusion, probe A (Fig. 1) hybridized only to Kohara
subclone 3D11 (Fig. 2C). An identical result was obtained
with probe D (not shown), as predicted from the physical
maps of pSR23 and pSX49 (Fig. 1).
The results shown in Fig. 2A to C were most consistent

with kps being located near 64 map units on the E. coli
chromosome. To mnore accurately map kps, probe B (Fig. 1)
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FIG. 1. Cosmid structures and probes used for hybridization mapping of kps. Cosmids pSR23 and pSX49 wer'e aligned on the basis of the
shared restriction endonuclease sites indicated by vertical dashed lines. The solid box in pSX49 represents cloning ve'ctor pHC79. Open,
numbered boxes indicate three functional regions of kps which are described in the text. W'avy lines designate non-kps DNA flanking regions
1 and 3. The seven probes used in this study are designated by bold letters A to G. Restriction sites: Bg, Bg!IH; H, BamHI; N, HindIII; P,
PstI; R, EcoRI; 5, Sau3A.

was hybridized to a Kohara subset (Fig. 2D) and gave the
same result as that obtained w-ith probe A (Fig. 2C). This
res'ult demonstrated that one of the two additi'onal Kohara
clones (1G7) detected with probe C (Fig. 2B) must represent
DNA sequen'ces flanking region 3 that are present on pSX49
but'absent from pSR23 (Fig. 1). This conclusion requires the
orientation of kps shown in Fig. 3. This orientation also was
supported by previously locating the nearest chromosomal
non-kps EcoRI site at least 15 kb distal to the region 1

recB
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endpoint (14), a result which is con'sistent with the physical
location of EcoRI sites in Kohara clones 3D11 and 1G7 (7).
The 'noncontiguous Kohara clone (22H4) detected with
probe C (Fig. 2B) may be either the result of a cloning
artifact, 'Which presumably would have occurred during
constructilon of pSX49, or truly indicative of a gen'omic
discontinuity between W3110 and the source of pSX49 insert
DNA, EVi (15). The results do not permit distinguishing
between these possibilities.
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FIG. 2. Physical locatilon of E. coli W3110 genomic sequences that flank kps in E. coli Kl straints. (A) Physical map of E. ccli W3110 for

approximately 10 map units. Distances are in kilobases. Arrows indicate relative positions of genetic markers in E. coli K-12 (7). Kohara

clones 1 to 37 are identified by the designations to the right of each numbered clone shown below the physical map. (B) Clones 1 to 37 were

hybridized with probe C. (C) Clones 2 to 18 were hybridized with probe A. (D) Clones 2 to 18 were hybridized with probe B.
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map units kb sequences were added to the E. coli genome, presumably by
2950 a transposition event into the accretion domain shown in

Fig. 3. If this mechanism is correct, then kps sequences at
60.6 each cluster endpoint may retain nucleotides reminiscent of

an ancestral recombination event. This prediction may be
tested directly by sequencing both kps ends, one of which is

61 3000 now located at the region 1 endpoint in pSX49 (Fig. 1).
lysA ____ These conclusions further suggest that the polysialic acid

biosynthetic functions in species unrelated to E. coli may
have a common origin, in which case interspecies transfer
might be expected (4). As appreciation of horizontal gene;2 transfer as a mechanism for acquisition of novel biochemical

3050 traits increases, it may become apparent that the 15% or so
--_ of the E. coli genome that has apparently evolved by

serA genomic accretion events (10) is a minimal estimate. Thus,
63 - while horizontal transfer may not be sufficient to explain all

63 of microbial diversity, it may represent a widespread mech-
-3100 anism for niche expansion that potentially includes transfer

of virulence traits such as Kl. It follows that the evolution of
pathogenic potential may derive largely from the acquisition
of virulence determinants provided by well-established
mechanisms for horizontal gene transfer. Determining the

-3150 origins of laterally inherited DNA is likely to provide new
insight into genome evolution.

3

FIG. 3. Orientation of kps cluster genes. The physical (kilobases)
and genetic (map units) maps of E. coli in the vicinity of kps are

indicated. Horizonal dashed lines indicate accretion domains as

defined in the text.

Implications of kps acquisition for E. coli genome evolution.
The map of E. coli K-12 summarized in Riley and Krawiec
(10) identified two accretion domains near serA at 62 and 64
map units (Fig. 3). The kpsA locus was placed arbitrarily
nearest serA at map unit 62 (10). Results presented here
more accurately locate kps to the accretion domain nearest
map unit 64. This conclusion suggests that E. coli K-12 and
W3110 contain the same accretion domain but that kps
addition must have occurred after establishment of this
domain, since only encapsulated strains contain kps se-
quences. Although the nucleotide sequences flanking kps
were similar enough to permit detection by cross hybridiza-
tion (Fig. 2), some sequence divergence may exist. For
example, we have been unable to transfer kps to E. coli K-12
by P1 transduction, even though kps represents at most 20%
of P1 DNA carrying capacity, and transductions between
K-12-K1 hybrid strains are readily carried out (15, 16).
These results indicate that kps flanking sequences may be
sufficiently mismatched so that productive homologous re-
combination does not occur. This conclusion is consistent
with an independent origin of kps and the accretion domain
in which it is located. In this context, it will be interesting to
test whether other kps clusters for capsules that are struc-
turally unrelated to polysialic acid, but which share regions
1 and 3 (1, 11), map near or in the site for Kl. The capsule
gene cluster allelism noted previously is consistent with
either possibility (9).

Results presented in Fig. 2C and D show that DNA
sequences flanking both kps ends are present on the same
Kohara clone, 3D11. This conclusion indicates that only kps

R. P. Silver kindly provided several plasmids used in this study.
T. Vanden Boom and J. E. Cronan very generously supplied the
lambda bank.
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