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The complete sequence of the double-stranded DNA genome of a serotype-converting temperate bacterio-
phage, ST64T, was determined. The 40,679-bp genomic sequence of ST64T has an overall GC content of 47.5%
and was reminiscent of a number of lambdoid phages, in particular, P22. Inferred proteins of ST64T which
exhibited a high degree of sequence similarity to P22 proteins (>90%) included the functional serotype
conversion cassette, integrase, excisionase, Abcl, Abc2, early antitermination (gp24), NinD, NinH, NinZ,
packaging (gp3 and gp2), head (with the exception of gp26, gp7, gp20, and gp16), and tail proteins. The putative
immunity genes were highly related to those of Salmonella enterica serotype Typhimurium phage L, whereas the
lysis genes were almost identical to those of S. enterica serovar Typhimurium PS3.

Salmonella enterica serovars are known to harbor many tem-
perate bacteriophages. Most of these belong to the P22 branch
of the lambdoid family and are able to facilitate horizontal
genetic transfer by transduction (11). Two temperate bacterio-
phages, ST64T and ST64B, were induced from S. enterica se-
rovar Typhimurium DT 64 (8). ST64T could be propagated on
various serovars and phage types. It could mediate generalized
transduction. The genome of ST64T was completely sequenced
in both directions and characterized. The genomic sequence
was 40,679 bp in size with an overall GC content of 47.5%,
similar to the GC content of P22 (47.1%), which is in contrast
to the 52% GC content of its S. enterica host (9). The putative
open reading frames (ORFs) were determined, and inferred
protein sequences were scanned for similarity against the Gen-
Bank database by using the BlastP program (1, 2). Direction,
order, and base sequences of many ORFs showed clearly that
ST64T is a member of the lambdoid phage family.

Evidence of a modular genome in ST64T. The ST64T ge-
nome is a striking example of a modular genome composition.
Figure 1 demonstrates that the ST64T genome is a genetic
mosaic composed of gene modules, which is typical among
members of this family. This allowed inferred functions and
designations to be assigned to many genes based upon simi-
larity with characterized genes from other phages, in particu-
lar, P22. In view of this, the P22 nomenclature was adopted for
ST64T ORFs. The morphopoetic gene products (gp3 through
gp9) and some other segments are almost identical with those
of P22, whereas the three proteins involved in cell lysis and
encoded by the lysis genes 13, 19, and 15 resemble those of
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phage PS3. The immunity C region is identical with that of
phage L. The deduced product of gene 72 corresponds to that
of the Escherichia coli lambdoid phage HK022, whereas gp18,
which functionally cooperates with gp12, exhibits only 66%
similarity with the corresponding HK022 product, which is the
most similar protein in the database. The antiterminator gp23
shows a high level of similarity (81%) with the corresponding
gene product of another lambdoid phage, E. coli phage 21.
Indeed, ST64T is composed of genome segments typical of at
least five different members of the lambdoid phage family.

While most genes or groups of genes (e.g., the packaging
and morphopoetic genes) correspond as entities with a specific
genomic source and, therefore, represent modules, it is inter-
esting that for gp20, only the C-terminal region is identical with
the corresponding protein of phage P22 (data not shown). The
N-terminal region, which possibly encodes a separate domain,
could not be aligned to a known sequence. Examination of the
sites of sequence transitions or the putative sites of ancestral
recombination indicated that the majority of transitions are
located at gene boundaries. A comparison between ST64T and
P22 at the end of gene ninZ and the start of gene 23 in both
phages revealed the presence of such a transition. The putative
ninZ gene of ST64T shares 93% identity in nucleotide se-
quence with ninZ of P22. However, 23, which is the next gene
for both ST64T and P22, has no sequence similarity (see Fig.
1). The similarity between the shared ninZ genes persists until
the first base after the termination codon, and then there is
complete diversion of sequence (data not shown). The putative
gene 23 of ST64T appears to be closely related to gene Q of
phage 21 as judged by sequence similarity (81% sequence
identity). A similar scenario has been reported for ORF146 of
N and gene 67 of HK97 (5).

ST64T has an incomplete imml region. In contrast to phage
lambda and most other known lambdoid phages, P22 carries,
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FIG. 1. Schematic representation of the phage ST64T genome indicating putative ORFs derived from the sequence. Similarities to other phage
genes with known functions are indicated as shown below. The ORFs for which no genetic designation had been previously made are designated
based upon the inferred size of the putative gene product: m, >90% similarity to phage P22; B, <90% similarity to P22; &, similar to phage 21;
0, no inferred function or similarity; B, similar to phage L; [, similar to phage HK022; N, similar to phage PS3.

in addition to the immC region, a second region, imml, which
expresses an antirepressor, Ant, and two repressors, Arc and
Mnt, that regulate the expression of gene ant. Interestingly,
phage ST64T has at the position of mntp,, an ORF in the same
orientation, with a deduced gene product that is only 60%
similar to Mntp,,. Mntgre,r has the same number of amino
acids as Mntp,, and also exhibits an almost identical hydrop-
athy profile according to the Kyte-Doolittle algorithm (7) (Fig.
2). Therefore, it is highly likely that ST64T possesses an mnt
allele. It could be speculated that the heteroimmune status of
ST64T for P22 (8) might be a result of the expression of the
mntgyeqr allele. The ORFs corresponding to arc and ant, how-
ever, are not present. It is not known whether the mntgygar
allele is expressed. It is unknown by what mechanism this
solitary gene of the imml system was introduced into the ge-
nome of ST64T. It may have been acquired separately from
another prophage, or there was an ancestral phage that pos-
sessed the entire cassette, which has lost genes in the evolution
of ST64T.

The serotype conversion cassette. Two PCR primers (for-
ward, 5" CCGCGTCATACCTGCGCTCACACGTCC 3'; re-
verse, 5 GGGCCCGGTTCTGGCTCACCGTGG 3') were
designed to amplify the putative girABC seroconversion cas-
sette and its putative upstream promoter using the GeneAmp
XL PCR kit (Applied Biosystems). The 3,304-bp amplicon was

ligated into the pCR2.1-TOPO vector and transformed into E.
coli TOP10 chemically competent cells (Invitrogen). The cells
were resuscitated in SOC broth and incubated for 1 h at 37°C.
Aliquots were plated onto Columbia agar plates (special pep-
tone, 2.3%; starch, 0.1%; sodium chloride, 0.5%; and agar,
1.1%) containing ampicillin (50 pg/ml), kanamycin (50 wg/ml),
and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside  (X-
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FIG. 2. Hydropathy prediction of the putative Mnt protein of
ST64T compared to the Mnt protein of P22 using the Kyte-Doolittle
hydropathy algorithm (7). The plot was produced using the OMIGA
1.1 program. The black line represents Mntgr44r, and the dotted line
represents Mntp,,.
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Gal) (40 pg/ml). Plasmid DNA was isolated using the three-
step alkaline lysis technique (10) and sequenced to determine
the orientation of the insert relative to the vector. Plasmids
representing the forward (pGTR-F) and reverse (pGTR-R)
orientations of the insert were electroporated into serovar Ty-
phimurium LT2 using standard procedures (3). Both serovar
Typhimurium LT2 clones agglutinated with the anti-O1 serum,
confirming that the serotype conversion cassette in ST64T is
expressed from its own promoter and encodes the genes re-
quired for complete seroconversion.

The genomic similarity to other lambdoid phages. The
ST64T genomic sequence data strongly suggest that serovar
Typhimurium ST64T is a member of the P22-like lambdoid
family (Fig. 1). One of the differences observed between
ST64T and P22 is the genome size. The genome of ST64T is
40,679 bp, whereas that of P22 is 41,724 bp. This may be
because ST64T lacks the other imml genes (ant and arc) as well
as both superinfection exclusion genes, sieB and sie4A. How-
ever, based upon restriction endonuclease digestion of the L
genome, the ST64T genome size is much closer to the esti-
mated size of L (40,650 = 0.400 kb [4] and/or 40,500 kb [6]).
The remarkably high sequence similarity in the immC region
between these two phages (L and ST64T) suggests that they
are related.

The genomic architecture of ST64T is similar to that of P22,
and a number of regions are very similar to those of P22,
including a region encompassing the O-antigen conversion
genes. This similarity also extends to the genes involved in
integration and excision that are transcribed in the opposite
direction to the structural genes and have 98 to 100% sequence
identities to P22. Other inferred gene products predicted to be
involved in homologous recombination and packaging as well
as many of the gene products involved in morphogenesis were
>90% identical to similar proteins of P22. In contrast, the
immunity and the lysis genes were similar to those of phages L
and PS3, respectively. This is not totally surprising, since both
L and PS3 are also P22-like phages carried by serovar Typhi-
murium. In addition, L has been shown to be a close relative of
P22 (4). Nevertheless, the high level of sequence similarity of
the putative replication genes and the late gene regulator 23
with analogous genes in the “true” lambdoid bacteriophages
(HKO022 and 21) demonstrates that ST64T, like most of the
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lambdoid phages, is a genetic mosaic made up of different
modules, groups of genes which together perform a particular
function.

Nucleotide sequence accession number. The complete nu-
cleotide sequence of the ST64T bacteriophage has been de-
posited with GenBank and has been assigned accession num-
ber AY052766.
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