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A virulent double-stranded DNA bacteriophage, ®K1-5, has been isolated and found to be capable of
infecting Escherichia coli strains that possess either the K1 or the K5 polysaccharide capsule. Electron
micrographs show that the virion consists of a small icosohedral head with short tail spikes, similar to
members of the Podoviridae family. DNA sequence analysis of the region encoding the tail fiber protein showed
two open reading frames encoding previously characterized hydrolytic phage tail fiber proteins. The first is the
K5 lyase protein gene of ®K5, which allows this phage to specifically infect K5 E. coli strains. A second open
reading frame encodes a protein almost identical in amino acid sequence to the N-acetylneuraminidase
(endosialidase) protein of ®K1E, which allows this phage to specifically infect K1 strains of E. coli. We provide
experimental evidence that mature phage particles contain both tail fiber proteins, and mutational analysis
indicates that each protein can be independently inactivated. A comparison of the tail gene regions of ®KS5,
PKI1E, and ®K1-5 shows that the genes are arranged in a modular or cassette configuration and suggests that
this family of phages can broaden host range by horizontal gene transfer.

Escherichia coli capsular polysaccharides (K antigens) have
often been associated with increased virulence (17). The K1
antigen in particular increases the invasiveness of E. coli, and
these strains are often involved in cases of meningitis and
septicemia (32). These polysaccharide coats also act as recog-
nition sites for bacteriophages, which often carry tail spikes
that contain polysaccharide depolymerization activities. Sev-
eral K1-specific phages have been described (10), one of which,
®KI1E, was found to possess N-acetylneuraminidase (endo-
sialidase) as a part of the tail fiber protein (37). This enzyme
catalyzes the cleavage of a-2,8-linked poly-N-acetylneuraminic
acid carbohydrate polymer of the K1 capsule. It has been
suggested that the tail fiber protein is involved in both adsorp-
tion to the cell surface and penetration into the cell by enzy-
matically degrading the polysaccharide capsule. The ®KIE
endosialidase gene has been cloned and sequenced (20). A
similar gene has been cloned and sequenced from ®KI1F (29).

®KS is a related bacteriophage specific for E. coli strains
that display the K5 antigen, a polymer consisting of a repeating
structure of 4-linked «-N-acetylglucosamine and B-glucuronic
acid (N-acetyl heparosin). In this case, PK5 encodes a tail-
associated K5 specific lyase protein that is also responsible for
attachment to the cell surface and degradation of the K5 poly-
saccharide capsule (12, 14). Phage specific for other E. coli
polysaccharide antigens, including K3, K7, K12, K13, and K20
(26, 27), have also been found; all probably possess specific
polysaccharide depolymerization activities as part of the phage
particle.

Both ®K5 and ®KI1E have a Salmonella phage SP6-like
promoter upstream of their tail proteins as well as a region of
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homology which is just downstream of the lyase gene of ®KS5
and just upstream of the endosialidase gene of ®KIE (6). The
sequences upstream of the tail gene promoters in ®PK1E and
®KS are highly similar as well. ®KS5, $K1E, and SP6 share a
common morphology and life cycle, suggesting that they may
be closely related.

®KI1-5 is a morphologically similar phage that we recently
isolated from the Montgomery County (Maryland) sewage
treatment plant using a K5 strain of E. coli as a host. In this
study, we analyzed the host range of ®K1-5 and found that it
can successfully infect and grow on either K1 or K5 strains.
DNA sequence analysis of the tail fiber genes revealed that it
encodes both a K5 lyase protein similar to that of ®KS and an
endosialidase protein similar to that of ®KI1E. The arrange-
ment of these genes suggests that phage host range can be
broadened or changed in nature by the acquisition of new tail
genes by recombination.

MATERIALS AND METHODS

Isolation of K1-5. ®K1-5 was isolated from raw sewage by the plaque tech-
nique. Briefly, a 1-liter sample of sewage was centrifuged at 6,000 rpm in a GSA
rotor to remove solid matter and was then passed through a 0.45-wm-pore-size
nitrocellulose filter (Nalgene); 100 pl of filtrate was added to 200 pl of an
overnight culture of E. coli ATCC 23506 (K5) grown in Luria-Bertani (LB)
medium. Then 3 ml of melted tempered top agar (5 g/liter in LB) was added, and
the mix was plated onto an LB agar plate and incubated at 37°C overnight. The
following day, plaques were picked and replaqued three times to ensure pure
culture. Final plaque isolates were stored as an agar plug from a Pasteur pipette
deposited in 1 ml of SM buffer (10 mM MgSO,, 100 mM NaCl, 0.01% gelatin,
50 mM Tris [pH 7.5]).

Host range was initially screened by spotting 10 wl of SM buffer containing a
plaque plug onto a lawn of an appropriate strain. Host ranges of interesting
phage isolates were further confirmed by the plaque assay. All phage titrations
were done by the plaque assay technique.

Large-scale purification. Phages were prepared by the cesium chloride density
gradient method. One liter of an appropriate host was grown to an optical
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FIG. 1. Electron micrograph of ®K1-5 negatively stained with phosphotungstic acid at a magnification of X115,500. Morphologically this phage

can be classified in the Podoviridae family which includes T7 and SP6.

density at 600 nm of between 0.4 and 0.6 at 37°C with shaking at 200 rpm in LB
broth. Phage were added at a multiplicity of infection (MOI) of 1 phage to 100
bacteria, and the culture was allowed to incubate until the optical density
reached a minimum for 30 min. After 10 ml of chloroform was added, the
mixture was allowed to shake for 10 min and then centrifuged for 20 min at 6,000
rpm in a GSA rotor to remove cellular debris. The supernatant was collected,
and 1/10 volume of 5 M NaCl and 1/10 (wt/vol) of polyethylene glycol was added
to precipitate the phage; this preparation was held at 4°C overnight. The phage
were then pelleted by centrifugation at 6,000 rpm in a GSA rotor at 4°C. The
pellet was resuspended in phosphate-buffered saline, and CsCl was added to a
density of 1.5 g/ml. The sample was spun in Ti80 (Beckman) rotor at 34,000 rpm
overnight. The phage band was extracted with a syringe and was dialyzed against
phosphate-buffered saline (pH 7.4).

DNA isolation and sequencing. DNA was isolated from CsCl-purified phage
by phenol-chloroform extraction. The phage DNA was used directly as a tem-
plate for DNA sequencing, which was carried out by Commonwealth Biotech-
nologies, Richmond, Va. Both strands were sequenced. DNA database searches
were done by BLAST (1), and sequence alignments were performed with the
Wisconsin Package (9).

Mutagenesis. Cesium-purified phage were mutagenized with UV light using a
model TM 36 chromatovue transilluminator (UVP, Inc.). Phage were typically
exposed for 10 to 20 sec, which reduced viability 1,000-fold. The mutagenized
phage were then amplified on ATCC 23503 or ATCC 23506 and subjected to
selection and amplification as described in Results. Phage were also mutagenized
by incubation with 400 mM hydroxylamine until the phage titer was reduced
100-fold. They were then plated on a double lawn of ATCC 23503 and ATCC
23506. Turbid plaques were picked, replaqued for isolation, and tested for
growth against a collection of K1 and K5 E. coli strains.

Nucleotide seq e accessi bers. GenBank accession numbers are as
follows: ORFp of ®K5, AF322018; tail gene region of ®K1-5, AF322019; and
region downstream of the endosialidase gene of ®KI1E, AF322020.

RESULTS

Isolation and characterization of ®K1-5. ®K1-5 was iso-
lated using E. coli ATCC 23506 (K5) as a host (see Materials
and Methods). Electron micrographs show that ®K1-5 is mor-
phologically similar to members of the Podoviridae family,
which includes coliphages T7 and T3, and Salmonella phages
SP6 and P22. The phage particle consists of an icosohedral
head about 60 nm in diameter with a small tuft of short tail
fibers (Fig. 1). ®K1-5 is highly lytic. When phage were added
to a logarithmic culture of a susceptible host at an MOI of 1:1,
lysis occurs in 15 to 20 min. Burst size was determined by a
one-step growth curve and found to be to be about 110. PK1-5
plaques are clear and large, about 4.0 to 5.0 mm in diameter,
with a halo of about 12.0 to 15.0 mm in diameter on LB agar
plates. The plaques reached a limit in size after 24 h. In con-
trast, T7 plaques can continue to grow for several days (38).
DNA was isolated from cesium chloride density gradient-pu-
rified phage by phenol extraction. Digestion of the DNA with
several restriction enzymes indicated that is double stranded,
with an estimated size of 40 kb.

Extended host range of ®K1-5. The host range of ®K1-5
was compared to that of PKI1E (K1 antigen specific) and $KS5
(K5 antigen specific). E. coli strains ATCC 23506 and ATCC
23508 possess the K5 polysaccharide capsule, and strains
ATCC 23503 and ATCC 23511 possess the K1 capsule. We
also tested a set of K5 strains collected by Ian Roberts from the
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TABLE 1. Host ranges of phages ®KI1E, ®KS5, PK1-5,
®K1-5;-, and ®KI-5 5

E. coli strain K antigen ®K1-5 ®KIE ®KS OKI1-54,-) PKI-5

(K5 )

ATCC 23503 K1 + + - - +
ATCC 23511 K1 + + — — +
RS164 K1 + + - - +
RS166 K1 + + — — +
RS167 K1 + + - - +
RS168 K1 + + — — +
RS176 K1 + + - - +
RS179 K1 + + — — +
RS180 K1 + + - - +
RS188 K1 + + — — +
RS203 K1 + + - - +
RS215 K1 + + — — +
RS218 K1 + + - - +
RS228 K1 + + — — +
ATCC 23506 K5 + - + + -
ATCC 23508 K5 + — + + —
20026 K5 + - + + -
21195 K5 + — + + —
21386 K5 + - + + -
21786 K5 + — + + —
21795 K5 + - + + -
21831 K5 + — + + —
21832 K5 + - + + -
21834 K5 + — + + —
21835 K5 + - + + -

“ Plaque assays were done to determine host ranges of the phages against a
collection of K1 and K5 strains of E. coli. PK1E grows only on K1 strains, ®K5
grows only on ®KS strains, and ®K1-5 grows on both. ®K1-5,-, and ®K1-
S(ks—y are mutants of ®K1-5 defective in growth on K1 and KS strains, respec-
tively.

University of Manchester and a set of K1 isolates collected by
Richard Silver from the University of Rochester (Table 1).
®KI1E, ®KS, and PK1-5 also failed to grow on ATCC strains
23502 (K4), 23504 (K8), 23505 (K9), 23507 (K10), 23509
(K11), 23510 (K14), 23515 (K17), 23516 (K20), 23517 (K13),
23518 (K18), 19110 (K7), 19138 (K2), and 31616 (K35).
Because of the promoter sequence similarity between ®K1-5
and SP6, we tested if ®K1-5 could grow on Salmonella serovar
enterica Typhimurium strain LT2 (the host for SP6) and if SP6
could grow on any of the E. coli isolates sensitive to ®K1-5.
SP6 did not grow on any of the E. coli strains, and likewise
®K1-5 did not grow on Salmonella serovar Typhimurium.
®K1-5 encodes two tail genes. PKIE and ®KS share a
region of sequence similarity upstream of the tail proteins
(including the SP6-like promoter [3]). Since ®K1-5 had struc-
tural, biological, and host similarities to these two phages, we
speculated that all three may be closely related and share this
upstream sequence similarity. We designed a primer based on
the sequence of this region in ®K1E and ®K5 to determine the
sequence downstream of the promoter. When ®K1-5 DNA
was used as a template, the primer did hybridize, and we were
able to generate sequence. We continued sequencing down-
stream by primer walking. The sequence immediately down-
stream of the promoter was very similar to that of ®KS and
encoded an open reading frame with a high degree of similarity
(>92% amino acid identity) to that of ®KS tail protein. Con-
tinued sequencing downstream revealed a second open read-
ing frame that is nearly identical (>97% amino acid identity)
to the endosialidase protein of ®KIE. A region of 85 bp lies
between the termination codon of the lyase gene and the start
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codon of the endosialidase gene. This region is also present in
®KS, immediately following the K5 lyase gene, and also in
®KI1E, immediately upstream of the endosialidase gene and
immediately downstream of a 111-amino-acid open reading
frame (ORF,_[6]). No recognizable promoter was found in this
region, but there are two strong regions of symmetry, which
may act as a Rho-independent transcriptional terminator. Se-
quence was determined 598 bp downstream of the termination
codon of the endosialidase gene, at which point the end of the
DNA molecule was reached. No open reading frames were
found in this area.

The sequence 500 bp upstream of the K5 lyase gene in
®K1-5 was also determined. Like in the other phages, an SP6-
like promoter is present and is probably required for transcrip
tion of the tail genes. The upstream sequence shares a high
degree (>90%) of identity to that of the analogous region in
®KS5 and PKIE.

We also sequenced downstream of the endosialidase gene of
®KI1E; 718 bp downstream from the endosialidase termination
codon we reached the end of the DNA molecule. There is little
sequence similarity between this region and the analogous
region in ®K1-5.

Each ®K1-5 virion contains both tail proteins. We ad-
dressed the question of whether ®K1-5 particles contain both
tail fiber proteins, or if two populations of particles (one con-
taining the K5 lyase and the other containing the endosiali-
dase) were produced after infection. We made a phage prep-
aration using ATCC 23506 (K5) as a host and determined its
titer on ATCC 23506 (K5) and ATCC 23503 (K1) (Table 2). A
sample of the phage was then incubated with ATCC 23506 for

TABLE 2. Preincubation experiments to show that all ®K1-5
particles contain both tail proteins®

Phage Titer
PK1-5
Preincubated With 23506 .......urverenreeereneeeerissessssssssssesnsens 5.2 % 108
Titered on 23506 after preincubation...........cceveveevrerveienne. 3.1 x10°
Titered on 23503 after preincubation...........ceevevevereverirennne. 3.7 X 10°
Preincubated With 23503 ......rverenrieerineieesisnesssesessesesens 5.2 % 108
Titered on 23506 after preincubation...........cceveveevrerveienne. 6.8 X 10°
Titered on 23503 after preincubation...........ceeeveveverevererenne. 6.4 X 10°
PK5
Preincubated with 235006 ........covuviviviviniriicirree 4.0 X 108
Titered on 23506 after preincubation...........ccceveveverevererenne. 8.5 % 10°
Preincubated With 23503 ......uverenrieereneiiesessesesessessesnsins 4.0 x 10®
Titered on 23506 after preincubation...........ccccevveevreevcienne. 3.3 x 108
OKIE
Preincubated With 23506 ......veerereeerinrieerisnesssesssssesnsens 7.7 X 108
Titered on 23503 after preincubation...........cccevvveevrevveiennne. 6.8 X 10®
Preincubated With 23503 .....ovrieerieererienrieeiseiessiesieesiesieninns 7.7 X 108
Titered on 23503 after preincubation...........eceveveverevererenne. 3.0 X 10°

¢ Preincubation of ®K1-5 with either ATCC 23503 (K1) or ATCC 23506 (K5)
for 5 min results in roughly 100-fold loss of phage particles when titered on either
strain. If the phage preparation consisted of two populations that each contained
just one tail protein, then titers after the incubation would be reduced only on the
strain that was used in the preincubation. ®KS5 titers are reduced by preincuba-
tion with a permissive host (23506) but not with a nonpermissive host (23503).
PKIE titers are also reduced only by preincubation on a permissive host (23503)
and not a nonpermissive host (23506).
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5 min, which is long enough for phage to attach and possibly
inject the DNA but not long enough for production of new
phage particles. The MOI was 1 phage particle to 100. The
mixture was then rapidly filtered. Phage particles that had
attached to the cells would be eliminated from the filtrate. The
filtrate was then titered on both K1 and K5 strains. If the phage
preparation was initially a mixture of two populations, then
only those displaying the K5 lyase would attach and be elimi-
nated. The remaining phage would be mainly those that con-
tained the Kl-specific endosialidase, and therefore the titer
would be higher on the K1 E. coli strains than on the K5 strain.
On the other hand, if each of the phage particles contained
both tail proteins, titers of the phage remaining in the filtrate
would be the same on the two strains; i.e., levels of the K5
lyase-containing phages would not be selectively reduced. We
found the latter to be the case and concluded that each virion
has both the K1 endosialidase and the K5 lyase. Similar results
were seen in the converse experiment in which the 5-min in-
cubation was performed with the K1 E. coli strain (Table 2). As
controls we performed the experiments with both ®K1E and
®KS, using both strains for the incubation. PKI1E titers were
reduced 99% by preincubation with the K1 strain but not with
the K5 strain, and ®KS5 titers were similarly reduced after
preincubation with the KS strain but not with the K1 strain.

®K1-5 mutants defective in growth on either K1 or KS E.
coli. A mixed lawn of K1 and KS5 strains of E. coli was used to
screen for ®K1-5 mutants defective in growth on one or the
other host strains. ®K1-5 forms clear plaques on a mixed lawn
of K1 and K5 E. coli; mutants in either tail would result in
turbid plaques due to growth of the nonpermissive host. Phage
were treated with the mutagen hydroxylamine and plated on a
double lawn. Turbid plaques were identified, picked, and pu-
rified by multiple plaque isolations on the double lawn. These
were then screened by separately testing for growth on each
strain. Of eight isolates purified, three were unable to plaque
on the K5 strain but could plaque on the K1 strain. One of
these, ®K1-5s-), was screened for growth against the entire
host collection and found to be unable to replicate on any of
the K5 strains but able to grow on all of the K1 strains (Table
1). Five of the isolates could still replicate on both K1 and K5
strains but gave a turbid plaque morphology on the K5 strains.

None of the mutants isolated in this way were defective in
growth on K1 strains, so we devised a selection/amplification
scheme to enrich for those that can replicate on K5 but not K1
hosts. Mutagenized phage were amplified on a K5 strain, fil-
tered to remove bacterial debris, and then used to infect a
logarithmically growing K1 strain for 5 min. This mixture was
rapidly filtered before phage burst could occur. Phage able to
grow on the K1 strain would attach to the cells and be elimi-
nated from the filtrate. We then reamplified the sample on the
K5 strain and repeated the cycle eight times. This strongly
selects for phage that can replicate on K5 hosts but not K1
hosts. Titers of the filtrate were 200-fold higher on the K5
strain than on the K1 strain. Several were picked and purified
by multiple rounds of single-plaque isolation. One isolate,
®K1-5k, -, was further characterized and found to be unable
to grow on any of the K1 strains (Table 1).

DNA sequence of a putative ®KS5 tail gene. Clarke et al.
described a partial sequence of an open reading frame (ORF})
in ®KS immediately downstream of the 85-base region com-
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mon to the three phages (6). We continued sequencing down-
stream and found that the complete open reading frame is 523
amino acids. A BLAST search revealed a small region of se-
quence similarity with the N-acetylglucosamine-permease
ITABC component near the N terminus. It has no significant
sequence similarity with any other entry in the database or any
of the tail proteins described here. Sequence was determined
an additional 163 bases downstream, at which point the end of
the DNA molecule was reached.

Figure 2 compares the regions encoding tail proteins in all
three phages. ®K1-5 has a K5 lyase protein in the same posi-
tion as that of ®KS. ®KI1E has a 111-amino-acid open reading
frame (ORF,) of unknown function in this position. Immedi-
ately downstream, all three phages have an intergenic region of
85 bases that has two dyad axis of symmetry. Immediately
downstream of this region ®K1-5 encodes its endosialidase
protein, which is in the analogous position as the ®KI1E endo-
sialidase. ®KS5 encodes a 523-amino-acid open reading frame
(ORFy) in this position. The three phages share sequence
similarity upstream of the tail genes. No sequence similarity
was noted downstream, and in all three phages the DNA mol-
ecule ends downstream.

DISCUSSION

We isolated a bacteriophage, ®K1-5, that is able to infect
and grow on either K1 or K5 strains of E. coli. It appears that
its ability to replicate on these strains is due to the fact that it
encodes two different hydrolytic tail fiber proteins. One is an
endosialidase protein, almost identical to a similar protein
from ®KI1E, that allows it to attach to and degrade the K1
polysaccharide capsule. The other is almost identical to a lyase
protein that has been shown to allow ®KS5 attach to and de-
grade the K5 polysaccharide capsule. This is the first example
of a phage that has a dual host specificity based on having two
different tail fiber proteins. All three of these phages share
sequence similarity upstream of the region encoding the tail
proteins, and all have an SP6-like promoter that probably
drives transcription of the tail gene(s). In ®K1-5 and ®KS5, the
first gene downstream of this promoter is the K5 lyase protein.
®KI1E does not encode this protein and instead has a 111-
amino-acid open reading frame (ORF| ) of unknown function.
Immediately downstream of the K5 lyase proteins of ®K1-5
and ®KS5, and downstream of ORF; in ®KIE is an 85-base
region of similarity between all three phages. This region con-
tains two strong symmetrical elements that may be involved in
transcription termination. Further downstream, phages ®K1-5
and ®KIE encode the endosialidase gene. ®KS does not en-
code this gene but instead encodes the 523-amino-acid ORFj.
The morphologies and life cycles of these three phages are all
very similar, and they all have similar SP6-like promoter se-
quences (and therefore probably SP6-like RNA polymerases).
We believe that these phages are all very closely related and
differ mainly in the tail fiber proteins.

Phages that are specific for K antigens are believed to have
the hydrolytic activity associated with the tail proteins, which
are part of the mature virion. This has been directly shown for
®KIF by immunoelectron microscopy (29). In the case of
®K1-5, we have experimental evidence that both the endosiali-
dase and the lyase are part of each phage particle, and we have
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—— N K5 Lyase KI1E Endosialidase I, Phage K1-5
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gcaacaggcagtgcegtaageactgcttttagegcaacttttcttaaaggttatcacgatggtagectttcagaaaaggaggttac

FIG. 2. Comparison of the coding regions of the tail proteins of ®K1-5, ®KS, and PKI1E. All three phages share sequence similarity in the
upstream region (which contains an SP6 promoter) as well as an 85-base intergenic region. Just downstream of the promoter, ®K1-5 and ®K5
encode a lyase protein and ®K1E encodes ORF, . Immediately following the termination codons of the lyases or ORF| is the intergenic region
that contains a potential hairpin structure, the first of which could be a Rho-independent transcription terminator. Immediately following this,
®K1-5 and PKIE encode an endosialidase where ®KS5 encodes ORFp. None of the three phages have any coding regions downstream, and the
DNA molecule ends in all three cases. No homology exists in this terminal region.

shown that the ability to grow on either of the host types can be
deleted by mutagenesis. This raises the question of how the tail
proteins are attached to the capsid. The ®KI1F endosialidase
protein has an N-terminal region that is not part of the PKI1E
protein. This N-terminal region has some sequence similarity
to the N terminus of the T7 tail protein, which is thought to be
involved in attachment (29). Since neither the endosialidase
nor the K5 lyase has this region, or any other region similar to
any other tail protein (or with each other), it is impossible to
predict what part of the protein serves this function. Morpho-
logically, PK1E, ®KS, and PK1-5 are similar to Salmonella
phage P22. The tail protein of P22 has been extensively studied
and is also a hydrolytic protein involved in degradation of the
Salmonella serovar Typhimurium O antigen. This protein is a
homotrimer with six copies per phage (30). The gpl7 tail fiber
of T7 is also a trimer with six copies of the trimer per phage
particle (33). The endosialidase of ®KIE is also a trimer (20),
but it has yet to be shown that there are six copies of the trimer
per phage particle. Bacteriophage 63D is another newly char-
acterized sialidase-containing phage in which it has has been
shown by electron microscopy that the sialidase is present with
six copies per particle (21). This phage is quite different mor-
phologically from ®KI1E, ®KS5, and ®K1-5 and has a long tail
similar to that of bacteriophage lambda, with the sialidase
located at the end of the tail. Six copies of a trimeric tail
protein appears to be a general structural motif. Assuming that
the endosialidase and K5 lyase are also arranged in six copies
per virion, it is interesting to speculate how the two tail pro-
teins are arranged on the head structure of ®K1E. They may
be arranged in an alternating fashion where there are three
copies of each (Fig. 3a). In the case of P22, there is evidence
that only three copies of the tail are needed for infection (16),
suggesting that this model is theoretically possible. The fact

that there are no sequence similarities between the two tail
proteins argues against this model, since one might predict a
common motif within the tail proteins that is required to attach
to similar regions of the head structure. An alternative model
is that there may be six copies of each tail protein, one attached
to the other (Fig. 3b). It seems that phage mutants unable to
grow on K1 strains are rarer that those defective in growth on
KS5. It is possible that the endosialidase plays a more important
structural role than the K5 lyase, supporting the second model.

®KI1E encodes a 111-amino-acid ORF, located in the anal-
ogous position as the K5 lyase gene in ®K1-5. The function of

a.

FIG. 3. Two possible models for the arrangement of the tails pro-
teins on the phage capsid. (a) There are three copies of each tail
forming a hexamer. (b) There are six copies of each tail. One is
attached to the head and is part of the core of the tail; the other is then
attached to the first tail protein, in effect making a longer tail fiber with
two different enzymatic activities.
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this ORF is unknown, but the first nine amino acids are iden-
tical to those of the K5 lyase protein. Clarke et al. pointed this
out and speculated that ®KS5 could be the progenitor ®K1E, in
which ®KS5 acquired the endosialidase gene by a horizontal
event and then lost the lyase gene (6). In that scenario, ®K1-5
would be the intermediate. However, it is difficult to predict
the order of events that may have occured in this two-gene
system. For instance, ®KS could have arisen from ®K1-5 by a
replacement of the endosialidase with ORFp, making ®K1-5
the progenitor of both ®K5 and $KI1E.

®KS is able to also grow on K95 strains of E. coli (28). Since
ORF; is in a position analogous to that of the endosialidase of
®K1-5, we speculate that it may also be a tail protein and could
be responsible for growth on K95 strains. Future work will be
needed to determine if this is in fact a tail fiber protein. An-
other K antigen-specific phage, K20, is also able to lyse two
different types of E. coli hosts, those that possess the K5 anti-
gen and those that possess the K20 polysaccharide (26). It is
quite possible that ®K20 carries a K5 lyase protein similar to
the ®K5/PKI1-5 protein along with a yet unidentified K20-
specific hydrolytic tail fiber protein. Phages that are specific to
each of the capsular antigens K3, K7, K12, and K13 of E. coli
have also been isolated (27). Presumably these phages have
corresponding K-specific hydrolytic tail proteins. It may be
possible to find phages that have double specificities with other
combinations of K antigens, and we may find that the occur-
rence of multispecificity phages is common.

The theory of modular evolution of phages is well estab-
lished (2, 34). The basic idea is that phage genomes have
evolved by interchanging different modules that may consist of
single genes or clusters of related genes. Recent evidence for
modular evolution has been shown for the Salmonella phages
P22, ES18, and L (31), for the T-even/pseudo T-even phages
(22), for Streptococcus thermophilus phages (8, 25), for Lacto-
coccus phage skl (5), and for E. coli lambdoid phages (4, 15,
19). Evidence that tail proteins have evolved by horizontal
transfer also exists. Phages P1, P2, and Mu (phages that are
unrelated but have similar host ranges) exhibit sequence sim-
ilarities at the carboxyl ends of the tail fiber proteins (13). It is
this portion of the protein that is responsible for host recog-
nition; the amino-terminal portions of the genes are not similar
presumably because they are required for attachment to dif-
ferent structures on the phage particles. The T-even family of
phages also show a high level of variability in the tail fiber
adhesion genes (gene 37 of T4), allowing for changes in host
range (24, 35, 36). In this case, duplications and rearrange-
ments of regions within the tail fiber genes as well as possible
recombination between tail fiber genes of different phages
seem to mediate changes in host specificity. Another study
showed that it quite likely that a T4 ancestor may have picked
up the tail fiber assembly protein and the side tail fiber from a
lambdoid phage (23). It has also been shown that partially
fibered T4 particles can be complemented by addition of tail
To fibers (7).

We have evidence that ®K1-5, ®KS, and ®KI1E can rapidly
extend or change host specificity by acquiring a second com-
pletely different tail protein or perhaps replace an existing
protein with another. It appears that little if any sequence
changes within the tail proteins are required for function on
the new phage, and it appears that the functions of the tail
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proteins are independent. The mechanisms for exchange can
be explained simply by recombination and or deletion. All of
these phages have a common sequence upstream of the tail
proteins and a common sequence between the two tail pro-
teins. While the latter sequence is only 85 bases, it still may be
enough for homologous recombination to occur. The 85-base
intergenic region contains a putative Rho-independent termi-
nator. It has been shown that such sequences can effectively
terminate transcription by SP6 and T3 RNA polymerases (18).
Juhala et al. describe potential mobile genetic element “mo-
rons” that appear to be common in lambdoid phages (19).
Moron genes are characteristically flanked by a sigma 70 pro-
moter and Rho-independent terminator and thought to be
expressed from the prophage. The K5 lyase gene and Orf; are
flanked by an SP6 promoter and a Rho-independent termina-
tor. Although these phages are not known to enter a prophage
state and it appears that the genes are transcribed by the phage
promoter, the modular structure is interestingly similar to that
of morons.

Double host specificity clearly has an evolutionary advantage
in an environment with a mixture of bacteria types. However,
if a phage finds itself among a single population of bacteria,
there would be a growth advantage to having one tail and
therefore a smaller genome. It is quite possible that ®KI1E
arose in this way, the ancestor being a ®K1-5-like phage that
lost a tail by deletion. It is also interesting to speculate how
these phages acquired hydrolytic tail proteins. Recombination
with other multiple-tailed phages is very likely. If two phages,
each with two tail genes one of which is common between them
infect the same cell, a third completely different phage pos-
sessing the two other host specific tail proteins could arise.
Enzymatic tail proteins may also arise when a phage acquires
a similar cellular gene.
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