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We have determined the genome sequences of two closely related lytic
bacteriophages, SP6 and K1-5, which infect Salmonella typhimurium LT2
and Escherichia coli serotypes K1 and K5, respectively. The genome organ-
ization of these phages is almost identical with the notable exception of
the tail fiber genes that confer the different host specificities. The two
phages have diverged extensively at the nucleotide level but they are still
more closely related to each other than either is to any other phage cur-
rently characterized. The SP6 and K1-5 genomes contain, respectively,
43,769 bp and 44,385 bp, with 174 bp and 234 bp direct terminal repeats.
About half of the 105 putative open reading frames in the two genomes
combined show no significant similarity to database proteins with a
known or predicted function that is obviously beneficial for growth of a
bacteriophage. The overall genome organization of SP6 and K1-5 is com-
parable to that of the T7 group of phages, although the specific order of
genes coding for DNA metabolism functions has not been conserved.
Low levels of nucleotide similarity between genomes in the T7 and SP6
groups suggest that they diverged a long time ago but, on the basis of
this conservation of genome organization, they are expected to have
retained similar developmental strategies.
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Introduction

The characterized members of the T7 group of
phages are currently represented as a close-knit
family, all of which are very similar to the proto-
type phage T7. The genome sequences of coli-
phages T7 and T3, the yersiniophages fYeO3-12
and fA1122 revealed that all essential and many

non-essential genes are colinear.1–4 Several other
likely members of this group were described by
heteroduplex mapping or biochemical and genetic
criteria and appear to be similar in genetic organiz-
ation to T7.5–10 The Pseudomonas putida phage gh-1
is also related to T7 but has diverged more
extensively.11 Surprisingly, a prophage in the
P. putida KT2440 genome contains homologues to
most essential genes of T7.12 It is not known if the
prophage is inducible or whether its genes retain
function.
Genome sequences of more distant T7 relatives

include Vibrio parahaemolyticus VpV262, Pseudo-
monas aeruginosa fKMV, roseophage SIO1, and
cyanophage p60.13–16 These phages are morphologi-
cally similar to T7 but some lack the phage-specific
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RNA polymerase (RNAP) that was once con-
sidered the hallmark feature of the T7 group. The
SIO1 genome also lacks the direct terminal repeats
that are characteristic of a T7-like mode of DNA
replication. Collectively, these phages make up the
T7 supergroup, of which the T7 group is a subset.13

There are insufficient numbers of these less closely
related members of the T7 family to conclude
much about their evolution or even their strategy
of infection.

SP6 was first described in 1961 as a lytic phage
infecting F2 strains of Salmonella typhimurium LT2;
the phage is known mainly for its highly specific
single subunit RNAP often used in gene expression
experiments.17 SP6 has been considered to be a
member of the T7 group, although notable differ-
ences are known.18 The sequence of the SP6 RNAP
is less similar to T7 RNAP than the latter is, for
example, to T3 RNAP, and although SP6 primase
is functionally related to T7 primase-helicase, heli-
case activity of the SP6 protein has not been
demonstrated.19,20 Also unlike T7, an SP6 tail pro-
tein was found to be similar to the tailspike of the
otherwise unrelated temperate salmonella phage
P22, an observation that suggests that more exten-
sive genetic mosaicism is present in SP6 than
among the closer relatives of T7.21

K1-5 infects Escherichia coli strains that produce
either the K1 or the K5 polysaccharide capsule
and encodes two tail proteins that confer this
“dual” adsorption specificity.22 An SP6-like promoter
was found upstream of the K1-5 tail genes.
Additionally, the K1-5 RNA polymerase was
found to be nearly identical with the SP6 RNA
polymerase, suggesting that the two phages may
be related. It was noted that SP6 and K1-5 had
similar “cassette-like” structures in the region of
the genomes that encodes the tail fiber genes,
suggesting that the phages acquired their particular
host specificity by horizontal gene transfer.

Here, we report the complete genome sequences
of SP6 and K1-5. Genome-wide comparisons reveal
that SP6 and K1-5 are very closely related, only a
few ORFs or obvious regulatory elements are pre-
sent in only one of the two genomes. Limited
sequence information on phage K1E23 (D.S.,
unpublished data) indicates that it too may be
very closely related to SP6/K1-5, suggesting that
the three phages belong to a close-knit family.
Although the overall genome organization of the
SP6 and T7 groups appear similar, gene order is
not conserved among the DNA metabolism genes,
and the majority of SP6 or K1-5 genes in this region
show little, if any, sequence similarity to the com-
parable T7 region. More surprisingly, sequence
similarity searches of the SP6 and K1-5 genomes
failed to reveal counterparts to several essential T7
genes. We term these phages the SP6 group, as
another subset of the T7 supergroup. As such,
they are more closely related to the T7 group than
to more distant members of the supergroup. It
appears that the T7 group and SP6 group have
diverged from a common ancestor largely by verti-

cal changes, although it is apparent that horizontal
events also occurred.

Results and Discussion

SP6 and K1-5 virion morphology

Electron micrographs of negatively stained SP6,
K1-5, and T7 virions are shown in Figure 1. Both
SP6 and K1-5 have icosahedral heads with a face-
to-face diameter of 65–68 nm, slightly larger than
that of T7 (61–63 nm). The larger size of SP6 and
K1-5 heads may reflect their larger capsid proteins,
which in turn may be necessary to accommodate
their longer genomes (see below). An internal core
structure is present in both SP6 and K1-5, compar-
able to that found in T7 heads, but only two of the
three T7 proteins that comprise the core have a
sequence homologue in the other phages. Like T7,
a short, stubby tail is present; additional appen-
dages are apparent, perhaps reflecting the cell
envelope hydrolytic activities carried by both SP6
and K1-5 virions.

SP6 and K1-5 genome overview

The SP6 genome is a single, linear, double-
stranded DNA (dsDNA) molecule of 43,769 bp
that is flanked by 174 bp terminal repeats (TR).
The genome has a G þ C content of 47.23%, signifi-
cantly lower than its host S. typhimurium LT2
(G þ C content of 52.22%). The K1-5 genome is
also a single, linear, dsDNA molecule of 44,385 bp
flanked by slightly longer 234 bp TRs. The K1-5
genome has a G þ C content of 45.25%, which is
significantly lower than that of E. coli MG1655
(50.79%). Base-pairs 1–45 of the K1-5 TR are 87%
identical with base-pairs 5–48 of SP6, and the last
26 bp of the TR are 92% identical; however, the
internal portion of the K1-5 TR exhibits little
sequence similarity with that of SP6.

The 50 ends of the non-transcribed strand (by the
phage RNAP, see below) are defined as the left end
of the genomes. On the basis of a combination of
BLAST searches and visual inspection, we have
assigned 52 open reading frames (ORFs) on both
the SP6 and K1-5 genomes. The genomes are
close-packed; 92% of the genomes are occupied by

Figure 1. Negatively stained electron micrographs of
SP6, K1-5 and T7, showing the morphology typical of
Podoviridae.
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coding sequence. Almost all K1-5 ORFs have SP6
counterparts, only the tail-associated proteins that
degrade extracellular polysaccharide and a few
small ORFs of unknown function are restricted to
one or the other in one phage genome. All pre-
dicted genes are transcribed from one strand. The
longest potential ORF on the opposite strand con-
tains 219 and 201 codons for SP6 and K1-5, respect-
ively, neither of which is preceded by a
recognizable Shine-Dalgarno sequence and are
therefore unlikely to be expressed. Most non-coding
regions contain a recognizable putative regulatory
signal. The longest non-coding regions are 399 bp
for SP6 and 369 for K1-5, both of which lie between
the left terminal repeat and a putative host promo-
ter. Short overlaps between two coding regions are
frequent, with the longest coding overlap being 90
and 87 bases between ORF19 and ORF20 in SP6
and K1-5, respectively. One UUG and two GUG
initiation codons are annotated for each phage gen-
ome, all other initiation codons are AUG and, with
the exception of ORF27 and K1-5 ORF11, all are
preceded by good Shine-Dalgarno sequences.

One of the hallmarks of the known genome
sequences of the T7 group is that there is a bias
against many type II restriction enzyme sites; selec-
tion for site avoidance seems to be the primary
mechanism of defense against type II enzymes.
This selection has been less intense for K1-5 and
SP6. The T7 genome lacks sites for both EcoRI and
EcoRV, both of which are statistically expected to
be present ten times. The K1-5 genome lacks
EcoRI sites but contains 12 EcoRV sites, whereas
SP6 contains six and 16 sites, respectively, for
these enzymes. There are only two sites in T7 for
EcoRII, and the recognition site of dcm methyl-
transferase, but K1-5 and SP6 contain ten and 18
sites, respectively. About 80 sites are expected
statistically for this sequence (50-CCWGG). The
sequence 50-GATC is the recognition site for a num-
ber of restriction enzymes and is the target for the
dam methyltransferase, which is present in both
E. coli and S. typhimurium. dam recognition sites
have been selected against in the genomes of T7,
T3, and the yersiniophages fA1122 and fYeO3-12.
On statistical grounds, the 50-GATC sequence is
expected to occur about 150 times in each genome,
but its distribution in the close-knit T7 group
actually ranges from three to ten. There has been
less bias against 50-GATC sequences in both the
K1-5 and SP6 genomes, which contain 29 and 53
sites, respectively.

The SP6 genome does, however, contain one
clear example of restriction site avoidance that is
equivalent to the insensitivity of T7 to restriction
by EcoP15.24 The type III enzyme StyLT I recog-
nizes the asymmetric sequence 50-CAGAG/
GTCTC-50 but restriction requires two copies of
the sequence in a head-to-head orientation.25 As
an asymmetric pentamer, this sequence is expected
85 times in the SP6 genome, but is actually present
only 12 times. Furthermore, all 12 copies of 50-
CAGAG are on the same strand, i.e. in a head-to-

tail orientation, and the StyLT I enzyme cannot
therefore restrict SP6 DNA. In contrast, the K1-5
genome contains 102 copies of 50-CAGAG that are
divided equally between the two DNA strands.

SP6 and K1-5 coding sequences

There is insufficient conservation, both in the
order of genes that have obvious counterparts
with the close-knit members of the T7 family of
phages and in the number of genes that are un-
related by sequence to the T7 family, to maintain
the T7 gene numbering system. Genes (ORFs)
have therefore been numbered sequentially from
the left genome end. Table 1 shows those that
have T7 homologues. ORFs that are present in one
genome only and where the other contains no gen-
etic information have been assigned non-integral
numbers. In assigning numbers we have coordi-
nated with the authors of the SP6 genome annota-
tion (Genbank accession number AY288927), who
obtained their sequence independently of this
work. The two genome sequences agree
completely.
Most identifiable ORFs are homologues of T7

family genes (Table 1). Like T7, the SP6 and K1-5
genomes can be divided roughly into three regions
containing the early, middle, and late genes. A
putative terminator that is similar to T7 TE lies
immediately downstream of ORF7, the gene for
RNAP, and defines the end of the early region.
The middle regions encode several putative DNA
metabolism functions, it ends after ORF24, a DNA
ligase, and before the first recognizable structural
gene, ORF29, which codes for the head-tail connec-
tor. Unlike T7, the beginning of the late region can-
not be defined by the presence of a consensus late
promoter. Curiously, in SP6 but not K1-5, a promo-
ter-like sequence overlaps the 50 end of ORF30;
however the sequence is not predicted to be an
active promoter (see Table 2, below).
Predicted ORFs and regulatory elements for both

SP6 and K1-5 are shown in Table 1. Two easily
recognizable ORFs are present in the early regions
of both genomes. Both SP6 and K1-5 code for a
putative anti-restriction protein, ORF3, that shares
similarity with T7 gp0.3. Sequence similarity
between the SP6 and K1-5 ORF3 is only 45% but
T7 and T3 gp0.3, which are known to have the
same role in vivo, are completely different in their
primary amino acid sequence.26 ORF3 is likely an
active anti-restriction protein, as SP6 grows equally
well on S. typhimurium LT2 with or without its
natural type I restriction systems (I.J.M., unpub-
lished results); comparable information is not
available for K1-5. The other easily identified early
gene codes for the phage RNAP (ORF7), whose
sequence is 85% identical between SP6 and K1-5.
The SP6 enzyme has been well characterized.19,27,28

Both phages encode several other putative ORFs
in the early region whose function cannot be pre-
dicted; aside from ORF5, which is conserved only
by the predicted number of amino acids and
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Table 1. SP6 and K1-5 coding regions and regulatory elements

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

S 1–174 Terminal repeat
K 1–234
S 174–180 CJ terminator
K 234–240
S 576–611 Host promoter
K 609–643

0.2 S 711–884 TAACTGAGGTTACTATCATG 57 No K1-5 homologue
0.6 S 998–1099 CTTAATGAGGTGATACTATG 33 No K1-5 homologue
1 S 1096–1275 GCTAGGGGAGGTGCTGAATG 59 75

K 781–960 TGAATGAGGTATTAACTATG 59
2 S 1268–1477 ACTGAAGGAGATAATCCATG 69 24

K 960–1184 TTGAGGGAGGGTAAATAATG 74
S 1564–1624 Potential RNase III

recognition site
K 1491–1566

3 S 1637–1996 ACTAAGAGGAAATAGAAATG 119 45 T7 0.3 (4.6e-39) T7 0.3 (1.8e-21) gp0.3 (77/48) Anti-type I
restriction

K 1575–1907 TAAATGAGGATTAAATCATG 110
4 S 1997–2113 AAGAAGAGGACGAATAAATG 38 70

K 1910–2023 GAAGAGGAAGAATAAGGATG 37
S 2104–2126 Cryptic phage

promoter
K 2014–2036
S 2125–2162 Potential RNase III

recognition site
K 2034–2079

5 S 2181–2372 AATTTGATGAGGCGATTATG 63 Insignificant
K 2100–2288 TACTAGGAGTTGAGATTATG 62
S 2385–2407 Cryptic phage

promoter
K 2323–2345

6 S 2435–3319 CATATGGAGAACATACCATG 294 67
K 2353–3237 TATATAAGGTGATTACTATG 294
S 3324–3366 Potential RNase III

recognition site
K 3236–3278

7 S 3392–6016 CCGCATGAGGATACAAGATG 874 85 Several phage Several phage gp1 (47/45) Phage-specific RNA
polymerase

K 3301–5928 CACTAGGAGTAAACAAGATG 875 RNAP RNAP
S 6035–6055 Early region

terminator TE
for host RNAP

K 5936–5959
S 6118–6140 Phage promoter
K 6020–6042
S 6287–6309 Phage promoter

(continued)



Table 1 Continued

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

K 6204–6226
8 S 6340–6468 TCATTGGAGAATTAATCATG 42 70 T7 gp1.1 (0.0013) T7 gp1.1 (8.7e-6) gp1.1 (45/52) Conserved in T7

group, but
non-essential and
no known function

K 6252–6380 ACTTTGGAGATTTAACCATG 42
9 S 6472–8457 TGTGGGAGTACTAAGTTATG 661 92 Several phage

primase/helicase
Several phage

primase/helicase
gp4 (38/38) Primase

K 6384–8372 CGTGGGAGTTCTAAGTTATG 662
S 8411–8433 Phage promoter

embedded in ORF9
K 8320–8342

10 S 8601–9212 ACTAACTGGAGATTATTATG 203 43
K 8448–9131 ATAACTGGAGATTGATTATG 227
S 9112–9144 Phage promoter

embedded in ORF10
K 9010–9032

10.5 K 9142–9360 TATCTAAGGAGTTAATCATG 72 No SP6 homologue
11 S 9199–9369 CGTTACGGAGGAAACCTATG 56 66

K 9350–9559 CAGCTTCATGGTGAAATATG 69
12 S 9431–9592 TAATTGGAGATACATAAATG 53 60

K 9618–9770 TGATTGGGAGGTATTAAATG 50
13 S 9579–12128 TGAAACGGAGTTAATGTATG 849 89 Roseophage SIO1 Roseophage SIO1 gp5 (40/37) DNA polymerase

K 9757–12297 TGAGACGGAGTTAATGTATG 846 DNAP (7.2 £ 10235) DNAP (4.0 £ 10232)
13.5 K 12297–12413 TGGAAGGAAACACACTGATG 38 No SP6 homologue
14 S 12128–12226 TGGAAGGAGACACACTAATG 32 88

K 12413-12511 GAGGAGGGTTACGATTGATG 32
S 12541–12563 Phage promoter
K 12580–12602

15 S 12629–13006 ATATAGGAGATATAAACATG 125 91
K 12667–13044 ATATAGGAGATATAAATATG 125

15.5 K 13057–13353 AATAAGGGGGGGTTATGATG 98 No SP6 homologue
S 13005–13027 Phage promoter
K 13351–13373

16 S 13216–14022 ACAGGAGGAATAAATTAATG 268 85
K 13523–14329 AATAGGAGACTAAATAAATG 268

17 S 14036–14254 TTAATCAAGGAGGTTTAATG 72 68
K 14339–14557 AATATTAAGGAGAAAGGATG 72
S 14286–14308 Phage promoter
K 14590–14612

18 S 14359–14727 AGAAGGAGAATTTAAATATG 122 92
K 14663–15034 CAAAAGGAGAATTTAATATG 123
S 14734–14759 Putative terminator
K 15094–15119

19 S 14792–15100 TTATTGGAGAATGAATTATG 102 49
K 15152–15424 TTATTGGAGAATGAATTATG 90

(continued)



Table 1 Continued

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

20 S 15010–16038 TTAAAGGAGTGGCCTACATG 342 83 P. aeruginosa phage
PaP3 exonuclease

P. aeruginosa phage
PaP3 exonuclease

gp6 (insignificant) Exonuclease

K 15337–16365 CTGAAGGAGTGGCCTACATG 342 (1.3 £ 10212) (1.0 £ 10210)
21 S 16023–16433 TGGGGAGATGATGATTCATG 136 87 T4 endonuclease T4 endonuclease gp3 (insignificant) Holliday-junction

endonuclease
K 16350–16760 TGGGGAGATGATGCGGAATG 136 VII (5.2 £ 1028) VII (5.2 £ 1028)

22 S 16426–17433 AAAGAAGGAGGGTAAACTTG 335 94
K 16753–17760 AAAGAAGGAGGTTAAAGTTG 335
S 17428–17450 Phage promoter
K 17755–17777

23 S 17534–18004 GAATGGAGGAATTAATTATG 156 63 (95% for
C-terminal 80 aa)

T7 gp 1.7 (1.6 £ 10220) T7 gp1.7 (1.3 £ 10220) gp1.7 (38/37); 63%
identity over

C-terminal half

Only the C terminus
of gp1.7 is

conserved in the
T7 group

K 17861–18364 TGAATGGAGGATTCAATATG 167
24 S 18004–18951 ATTGATGAGGATCTCTAATG 315 80 Uncultured

crenarchaeote
74A4

ATP-dependent
ligase (0.13)

Uncultured
crenarchaeote

74A4
ATP-dependent
ligase (0.030)

gp1.3 (insignificant) DNA ligase

K 18366–19313 TGATGAGGATATTTGATATG 315
25 S 18923–19135 GGTTGGAGAGTTGCGCCATG 70 71

K 19285–19500 AGCGGGAGAATTAAGACATG 71
26 S 19101–19274 GAAAGTGGAGGAGTTGTATG 57 58

K 19463–19633 GAAGGTTGACGAATTATATG 56
27 S 19271–19732 CAGTTTGTGGTGCAGCCATG 153 75 Ralstonia

acetyltransferase
(12. £ 1026)

Roseophage SIO1
gp26.2 (1.7 £ 1029)

K 19630–20157 GCACAACTGGTGGTCCAATG 175 Roseophage SIO1
gp26.2 (3.8 £ 1025)

28 S 19742–19951 AGTTTTAAGGAGATAACATG 69 82
K 20167–20373 AGTTCTAAGGAGATAACATG 68
S 19951–19973 Cryptic phage

promoter
29 S 19953–21500 TAGCTTAGGAGTTTGATATG 515 91 P. putida KT2440

prophage (3.1 £ 10258)
P. putida KT2440

prophage
(1.2 £ 10255)

gp8 (34/33) Head-tail connector.

K 20375–21925 TAGCTTGAAGGTGTAATATG 516 Found as virion
protein

30 S 21504–22406 TGAAGGAGGGTTAATTAGTG 300 70 Cyanophage p60
protein (4.3 £ 1028)

Cyanophage p60
protein

(7.5 £ 1027)

gp9 (Insignificant) Scaffolding
protein

K 21925–22845 GAACTTAAGGAGGCGTAATG 306
S 22412–22434 Phage promoter
K 22851–22874

(continued)



Table 1 Continued

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

31 S 22486–23691 TAAGGAGATTATAATACATG 401 85 P. putida KT2440
prophage

protein (0.0064)

T7 capsid protein (0.3) gp10 (30/30) Major capsid protein.

K 22925–24133 TAAGGAGATTATAATACATG 402 Found as virion
protein

S 23697–23729 Phage RNAP
terminator Tf

K 24142–24166
32 S 23744–24484 TTTGTTTAGGAGGATTCATG 246 86 P. putida KT2440

prophage tail
protein (7.9 £ 10212)

P. putida KT2440
prophage tail

protein (3.6 £ 1029)

gp11 (32/32) Tail protein

K 24188–24925 TTTTGTTAGGAGGATTCATG 245 Found as virion
protein

33 S 24484–26895 TGGGAGAGTTATCGCTAATG 803 82 P. putida KT2440
prophage tail

protein (2.0 £ 10265)

P. putida KT2440
prophage tail

protein (4.8 £ 10276)

gp12 (36/35) Tail protein.

K 24925–27327 CCGTGGGAGGATCGTTAATG 800 Found as virion
protein

34 S 26896–27615 CTAAGAGGAGAGTGTAAATG 239 64 P. putida phage gh-1
internal virion
(1.6 £ 1025)

P. putida phage gh-1
internal virion

gp14 (Insignificant) Internal head protein.
Found as virion

protein
K 27327–28049 ACCAAAAGGAGGGTCTAATG 240 (0.43)

35 S 27616–30552 GAACAAGAGGAGTTTAAATG 978 43 gp15 (Insignificant) Internal head protein
with murein
hydrolase
activity.

K 28049–30997 GGAACAAGAGGTATTTAATG 982 Found as virion
protein

S 29393–29414 f promoter (SP6;
embedded in ORF35)

K 31037–31059
S 30550–30604 Potential RNase III

processing site
K 30995–31051

36 S 30619–34431 TTAACTAAGGAGGTAACATG 1270 40 P. putida KT2440
prophage

(1.3 £ 10210)

P putida KT2440
prophage

(3.2 £ 10213)

gp16 (weak/36) Internal head protein,
T7 gp16 homologue
but lacks murein
hydrolase activity.

K 31062–34247 GGCACTATGGAGGAATTATG 1061 Found as virion
protein

37 S 34431–35390 GACTTATTGGAGGATTGATG 319 71 P. putida KT2440
prophage
(.0015)

P. putida KT2440
prophage
(0.00066)

gp17 (Insignificant) Tail fiber

K 34247–35209 GATGAACTGGAGGATTGATG 320 Found as virion
protein

38 S 35399–35596 ACTTTATAGGAGGTAAGATG 65 78 T7 gp17.5 (.008) T7 gp17.5 (.008) gp17.5 (31/31) Holin
K 35219–35413 CAGCATAAGGAGGTGGGATG 64

(continued)



Table 1 Continued

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

39 S 35580–35879 ATGGAAGGAGAAGAAGCGTG 99 77 gp18 (30/insignificant) Small terminase
subunit

K 35397–35696 GATTTGGAGGGAGAAGCGTG 99
K 35488–35510 Phage promoter

embedded in ORF39
(not in SP6)

40 S 35879–37774 TTTGCTAAGGAGGCTTAATG 631 80 P. putida KT2440
prophage

(6.0 £ 10278)

T7 maturase
(5.4 £ 10277)

gp19 (45/46) Large terminase
subunit

K 35696–37594 TTCACTAAGGAGGATTGATG 632
S 37773–37795 Phage promoter
K 37593–37615

41 S 37921–38220 ATAGATAAGGAGTAATAATG 99 36
K 37756–38034 ATAATAGGAGAGAGACAATG 92

42 S 38235–38534 TAAGAAGGAGATAACATATG 99 49 DD-peptidase
similarity

K 38053–38343 ATAAGGAGGAAGATTACATG 96
42.3 S 38544–38789 GCCGCTAAGGAGGCTAGATG 81 No K1-5 homologue
43 S 38982–39332 GACTTACTGGAGTGATAATG 116 79 Muramoyl

pentapeptide
K 38346–38690 CCAGCAGGGGTATAATAATG 114 carboxypeptidase

similarity
44 S 39444–39593 AAATGGAGAGCATTACGATG 49 88

K 38799–38948 ATGGAAAGGGAGATGCAATG 49
45 S 39671–39880 CCAGAAGGAGGCGCAACATG 69 75 Lipoprotein similarity

K 39026–39235 AGAGAAGGAGGCACAAAGTG 69
S 39909–39931 Phage promoter
K 39265–39287

46 S 40011–41663 TAGTAATAGGAGGTTTAATG 550 SP6 tailspike Tailspike protein.
Similarity does not
include tail-binding

domain.
Found as virion

protein
46 K 39367–41265 AAGTTAGGAGATAGCATG 632 K1-5 K5 lyase K5 Lyase.

Found as virion
protein

S 41669–41689 Stem-loop, putative
terminator (inefficient)

K 41273–41294
S 41698–41738 Potential RNase III

recognition site
K 41303–41342

47 S 41747–43261 TCAGAAAAGGAGGTGACATG 504 Endogalacturonase
similarity.

Found as virion
protein

(continued)



Table 1 Continued

ORF Position Translation initiation region
Amino acid
residues

Identity
(%)

Most significant
BLASTp similarity

(SP6)

Most significant
BLASTp similarity

(K1-5)

Identity with T7
homologue

(SP6/K1-5) (%) Function/comments

47 K 41351–43786‘ TCAGAAAAGGAGGTTACATG 811 K1-5 endosialidase K1 endosialidase.
Found as virion

protein
48 S 43269–43412 TATTCAAGTGAGGCTGTATG 47 87 K5 lyase, K1

endosialidase
similarity

K 43764–43913 CAAGTTAGAGGAGATGTATG 50
49 S 43466–43543 TAATCAAAGGAGATAACATG 25 24

K 43984–44112 ATTCCAAAGGAGGTAACATG 42
S 43596–43769 Terminal repeat
K 44151–44385

Only BLASTp search results that indicated some logical function are included. Amino acid alignments were done using GCG gapped comparisons.



genome position, these proteins share from 24% to
70% sequence identity. SP6 ORF0.2 and ORF0.6,
the first genes likely to be expressed after infection,
have no counterparts in the K1-5 genome and their
functions cannot be predicted from database
homology searches.

The middle region of SP6 and K1-5 encodes sev-
eral highly conserved ORFs that are not found in
the T7 family of phages and whose functions yet
cannot be predicted. However, three K1-5 proteins,
ORF10.5, ORF13.5, and ORF15.5, have no SP6 hom-
ologues. Like T7, many of the genes in this region
encode DNA metabolism functions but the relative
order of the SP6 and K1-5 genes is different from
that of the close T7 relatives. SP6 and K1-5 ORF8
are similar to T7 gp1.1, a protein that is conserved
in many members of the T7 family but that has no
known biological function. ORF9 codes for a pri-
mase, which at 92% amino acid identity is one of
the most conserved proteins encoded by the two
phages. ORF13 codes for DNA polymerase
(DNAP), which at 89% identity is also highly con-
served. Both proteins exhibit about 50% sequence
identity with their T7 homologues. Three other
putative DNA metabolism genes have been ident-
ified that are highly conserved between SP6 and
K1-5 but are not closely related to their presumed
T7 counterparts: ORF20 is most closely similar to
P. aeruginosa phage P3 exonuclease, ORF21 to
phage T4 endonuclease VII, and ORF24 is pre-
dicted to be an ATP-dependent DNA ligase.
ORF23 is related by amino acid sequence to T7
gp1.7. T7 gene 1.7 is expressed early in the class II
region of T7, the protein is known to be beneficial
for phage growth but its function has not been
defined.29 However, unlike T7 gene 1.7, SP6 and
K1-5 ORF23 is located near the end of the middle

gene cluster. Only the 30 half of gene 1.7 is con-
served in the T7 group, suggesting that the C-term-
inal half of gp1.7 contains the important function.4

In agreement with this idea, overall sequence iden-
tity between SP6 and K1-5 ORF23 is 63% (Table 1)
but their C-terminal 80 residues are 95% identical.
Similarly, the overall sequence identity of each pro-
tein with T7 gp1.7 is ,37.5% but this value rises to
63% for the C-terminal region.

We tentatively define the late region as begin-
ning with the first clearly recognizable structural
gene (ORF29), which codes for the head-tail con-
nector. Several of the proteins encoded in this
region have been identified as structural com-
ponents of the virion (Figure 3). The coding
sequence for ORF29 is followed immediately by
that for the scaffolding protein (ORF30), major cap-
sid protein (ORF31), and two tail proteins (ORF32
and ORF33). ORF34 has closest similarity to an
internal virion protein of the T7 relative gh-1. The
two largest ORFs encoded by SP6 and K1-5 are
likely to be internal core proteins that function in
the initial stages of infection.30 ORF35 has recently
been shown to hydrolyze peptidoglycan in vitro.31

SP6 ORF35 and ORF36 show less similarity to
their K1-5 counterparts than most other major pro-
teins. ORF37 is a short (relative to other members
of the T7 group) tail fiber protein, and ORF38 is
most closely related to T7 gp17.5, a typical class II
holin with two expected transmembrane
domains.32 The following two ORFs are predicted
to be the two subunits of terminase, the enzyme
that packages replicated DNA into proheads.
ORF39 exhibits weak similarity to T3 and fA1122
gp18, whereas ORF40 is closely related to the
large terminase subunit common to all current
members of the T7 group, and to cyanophage P60.

Table 2. Promoters and promoter-like elements for SP6 RNA polymerase

Transcription start Promoter sequencea Comments

þ1
6135 ATTTAAGGGACACTATAGGACTA
6304 ATTTACGTGACACTATTGAACTA
8428 AATTAGGTGACACTATAGAAGAG Embedded in ORF9
9129 TATTACGTGACACTATAGGTGGG Embedded in ORF10
12559 ATTTAGGTGACACTATAGGAGGA
13022 AATTAGGTGACACTATAGAACAA
14303 ATTTAGGGGACACTATAGAAGGG
17445 ATTTAAGTGACACTATAGAACAA
22430 ATTTAGGTGACACTATAGAAGGG Consensus
29410 CGCTAGGTGACACTATAGGTGCC Embedded in ORF35
37790 AATTAGGGGACACTATAGAAGGA
39927 ATTTAGGTGACACTATAGAATAG

ATTTAGGTGACACTATAGAAGRR Consensus

Transcription start Promoter-like sequenceb Commentsb

(þ1)
2121 AGTTATGTGACACTATAAGATGA þ1A
2402 TCATTCGTGGCACTATGTGAAAT þ1T, 2 8G, 2 13T
19968 ATATGCAAGACACTATACTTGAG þ1C, 2 11A; embedded in ORF29

a Underlined bases at 212, 211, and 210 indicate the likely specificity difference between SP6 and K1-5 RNAP.
b þ 1(A, T, C), 28G, 211A, and 213T have weak activity.35
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Downstream of the gene for the large terminase
subunit lies a phage promoter and several ORFs
that, in addition to those discussed below, code
for small proteins with sequence similarities to var-
ious cell envelope-hydrolytic activities. These
ORFs probably do not retain enzymatic activities,
they may be remnants of recombination events
that caused a host range switch.

The most striking difference between K1-5 and
SP6 are the genes whose products likely form
tail appendages. K1-5 encodes both a lyase
(ORF46) that allows it to infect E. coli strains
that display the K5 polysaccharide capsule and
an endosialidase (ORF47) that confers specificity
to E. coli K1 capsulated strains. It has been
shown that both proteins are part of a single
virion.22 Neither the endosialidase nor the lyase
is present in SP6 which, instead, encodes a pro-
tein (ORF46) that is closely related to the tail-
spike protein of the salmonella phages ST46T
and P22. P22 tailspike is an endorhamnosidase
involved in degrading the Salmonella O-antigen,
and it seems likely that SP6 ORF46 has the
same activity. However, unlike P22, which
adsorbs to only smooth strains of S. typhimurium,
SP6 grows well on both smooth and rough
strains. Immediately downstream of the SP6 tail-
spike gene lies ORF47, whose product exhibits
some similarity to a cell-wall hydrolase. The
first 11 amino acid residues of SP6 ORF47 are
identical with those of the K1-5 endosialidase
but beyond that there is no sequence similarity.
ORF47 is a structural protein and we suggest
that it is also part of the SP6 tail structure, and
that it confers specificity to another, unknown,
bacterial host.

One notable feature of the SP6 and K1-5 gen-
omes is that two-thirds of the predicted ORFs in
the early and middle regions have no matches
with clear biological significance to any database
protein. In contrast, almost all the predicted late

ORFs, which are known or expected to have struc-
tural or morphogenetic roles, show sequence simi-
larity to proteins with functions that are
anticipated to have a beneficial function during
phage growth. A second feature is that 48 of the
105 predicted ORFs shown in Table 1 are less than
100 amino acid residues in length. Of these, only
the holin (ORF38) and small terminase subunit
(ORF39) have predicted activities. ORF8 (T7 gp1.1)
is also highly conserved in the T7 group but has
no known biochemical activity.

SP6 and K1-5 regulatory elements

Consistent with the assignment of ORF40 as a
T7-related large terminase subunit, K1-5 and SP6
have extensive terminal repeats, suggesting that
they have similar schemes for DNA replication
and packaging. We have annotated one putative
sigma70 promoter for early gene expression
(Table 1), additional host promoters are likely but
need to be identified experimentally.
Most SP6 and K1-5 transcription occurs using

their respective phage-encoded RNAPs. Several
SP6 promoters have been identified and cloned
and transcriptional activity with respect to promo-
ter sequence has been examined comprehensively
by saturation mutagenesis.33,34 On the basis of this
information we have identified 12 phage RNAP
promoters in the SP6 genome. Only the promoter
upstream of ORF31 conforms exactly to the consen-
sus. Three promoter-like sequences that contain
one or more nucleotide changes at conserved pos-
itions, including þ 1G that is required for SP6
RNAP transcription initiation in vitro, were found
but are likely not to be functional.
K1-5 RNAP has not been studied biochemically

but we predict the promoter sequence to be similar
to SP6. As such, we have identified 15 promoter or
promoter-like elements in the genome (Table 3),
four match the consensus exactly. Most K1-5

Table 3. Promoter-like elements in K1-5

Transcription start Promoter-like sequence Commentsa

þ1
2031 ATTTAGCTGACACTATAAGAGAA þ1A
2340 ATTTACTTAACACTATATAAGGT þ1T, 2 9A
6037 ATTTACCGGACACTATAGGATAG
6221 ATTTACCGGACAGTATAGATAAG 25G
8337 ATTTACCGGATACTATAGAAGAG 27T; embedded in ORF9
9027 ATTTTGCCGACACTATAGAAGGC embedded in ORF10
12597 ATTTACTGGACACTATAGAAGGA Consensus
13369 AATTACTAGACACTATAGAACAA
14607 ATTTACTGGACACTATAGAAGAG Consensus
17772 ATTTAGTTGACACTATAGAACAA
22869 ATTTACTGGACACTATAGAAGGG Consensus
31054 TTATGATAGGCACTATGGAGGAA 28G
35505 CAATACTGGACACTATAGAAGAA Embedded in ORF39
37610 AATTACTGGACACTATAGAAGGA
39282 ATTTACTGGACACTATAGAAGAG Consensus

ATTTACYGGACACTATAGAAGRR Consensus

Underlined bases at 212, 211, and 210 indicate the likely specificity difference between K1-5 and SP6 RNAP.
a By analogy with SP6 promoters,35 þ1(A, T), 25G, 27T, 28G, and 29A are predicted to have weak activity.35
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promoters are in positions equivalent to those in
SP6, but the SP6 promoter-like sequence within
orf29 and the K1-5 promoter upstream of orf40
have no counterpart in the other genomes. In
addition, the SP6 promoter upstream of orf36 is
embedded within orf35, whereas in K1-5 it lies
within a non-coding region. Like its SP6 counter-
parts, the K1-5 promoter-like sequences at pos-
itions 2031 and 2340 lack the consensus þ 1G by
analogy with SP634 and are thought unlikely to be
active promoters. The assignment of two other pro-
moters should also be regarded as tentative. At
position 8337, a promoter-like sequence has 27T,
another at position 31054 has 28G; neither SP6
nor T7 RNAP tolerate changes well at these posi-
tions of their promoters.34,35 However, the equivalent
SP6 promoters are expected to be active in vivo.34

The consensus promoter sequences for SP6 and
K1-5 differ at positions 210, 211, 212 (Tables 2
and 3). The SP6 consensus 212G and 210T are
not major determinants of promoter activity in
vivo or in vitro but any substitution at 211G is
inactivating.34 All K1-5 promoters have a pyrimi-
dine at 211, suggesting that SP6 RNAP will not
transcribe K1-5 DNA and vice versa. A comparable
specificity of the phage RNAP for its cognate pro-
moters is seen throughout the T7 group; for
example, T7 RNAP does not recognize T3 promo-
ters and vice versa. However, a single amino acid
change in T7 RNAP is sufficient to switch its speci-
ficity to T3 promoters, and a change at 211 in a T7
promoter is sufficient to allow its recognition by T3
RNAP.36,37 Two changes at positions 29 and 28 of
the SP6 promoter to those of a T7 promoter allow
recognition by T7 RNAP in vitro.38 All SP6 and
most K1-5 promoters have the sequence 50-GA at
these positions, suggesting that the K1-5 genome
cannot be transcribed efficiently by T7 RNAP.

Transcription termination of host RNA polymer-
ase in both phages probably occurs immediately
downstream of ORF7, the phage RNAP. SP6
nucleotides 6035 through 6063 and K1-5 nucleo-
tides 5936 through 5966 can be drawn as similar
stem-loop structures followed by a T-rich segment.
The two sequences are both about 66% identical
with the T7 early terminator TE and the predicted
secondary structures are also essentially the same.
A likely terminator for phage RNAP lies down-
stream of orf31, which codes for the major capsid
protein in both phages. This is the equivalent pos-
ition to the characterized T7 major terminator Tf
and, as in T7, termination is unlikely to be 100%
efficient because there is no promoter between the
terminator and the two downstream tail genes,
orf32 and orf33. Both ORF32 and ORF33 are found
in mature virions (Figure 3) and are expected to
constitute the stubby tail. By analogy with T7,
both proteins should be essential for infectivity.

We tentatively identified additional terminators
in both the SP6 and K1-5 genomes (Table 1). One
lies downstream of orf18 in the middle region of
the genomes, another downstream of orf46, coding
for SP6 tailspike or K1-5 lyase. Neither putative ter-

minator can be fully efficient, as genes immediately
downstream would not then be expressed. ORF20
and ORF21 are, respectively, an exo- and endonu-
clease. Both proteins are expected to be required
for phage growth, their T7 counterparts are the
essential gp6 and gp3. Furthermore, ORF47 of
both phages has been shown to be a virion protein
(Figure 3). Visual inspection of the genome
sequences reveals that both SP6 and K1-5 contain
counterparts to the T7 CJ pause/terminator
element.39–41 This element lies immediately down-
stream of the concatemer junction in replicating
DNA, which corresponds to immediately down-
stream of the left terminal repeat in genomic
DNA. A nine base sequence corresponding to CJ
is highly conserved in members of the T7 and SP6
groups, although it is not found in the more distant
relatives fKMV and VpV262 (Figure 4). Five to
seven bases downstream of CJ is a conserved
CTCC sequence that includes the site of termin-
ation at T7 CJ.40 Pausing at CJ is enhanced greatly
by lysozyme and is known to be important for T7
DNA packaging.39 Interestingly, however, neither
SP6 nor K1-5 code for a protein with significant
sequence similarity to T7 lysozyme.

Comparison of SP6 and K1-5 with T7

The T7 group of phages whose genome
sequences are known include the coliphages T7
and T3, the yersiniophages fYeO3-12 and fA1122,
and the P. putida phage gh-1. The genetic organiz-
ation of these phages is co-linear and most T7 pro-
teins have obvious sequence homologues coded
by the other genomes. T7 has been shown to
recombine with T3 and with fYeO3-12, and it has
been suggested that fYeO3-12 and fA1122 are
ancestral to T3.2,4,42–44 SP6 and K1-5 have diverged
much further from T7 than these other phages,
and they have diverged further from each other
than members of the T7 group have from T7 (or
themselves). Nevertheless, although substantial
sequence divergence has occurred, most SP6 and
K1-5 gene products remain clearly related to each
other. Even when sequence similarities are not
apparent, many SP6 gene products have compar-
ably sized counterparts in K1-5, and presumed
regulatory elements occupy equivalent positions
on the two genomes. We therefore designate SP6
and K1-5 as members of the SP6 group, which
likely contains the phages K1E and K5. The latter
phages maintain the morphology, phage promoter
sequence (upstream of the tail genes) and tail fiber
endosialidase or lyase of K1-5.

Similarities between counterpart proteins of the
SP6 and T7 groups are modest in number, 13
ORFs show about 30–52% amino acid identity but
one (SP6 ORF3) shows 77% (Table 1). However,
these include many essential T7 proteins and the
biology of the SP6 and T7 groups are likely to
prove similar. The major patterns of the T7 life-
cycle: transcription by a phage-specific RNAP, DNA
metabolism by phage-encoded DNA polymerase,
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primase, and DNA maturase, together with the
common structural components of the virion
suggest that the SP6 group can be compared
directly to the T7 group.

On the basis of sequence comparison, only two
early functions, antirestriction and RNAP, are pre-
dicted to be conserved between the SP6 and T7
groups. In T7, the conditionally essential genes 1.2
(anti-dGTPase) and 1.3 (DNA ligase), are
expressed both early after infection and as class II
or middle genes.45 Neither SP6 or K1-5 contains
obvious counterparts to T7 gene 1.2, although
both S. typhimurium and E. coli encode a deoxygua-
nosine triphosphatase (dgt). Over-expression of dgt
lowers intracellular levels of dGTP and inhibition
of the dGTPase by T7 gp1.2 is required for phage
growth.46 It is expected, therefore, that SP6 and
K1-5 would not grow in cells over-expressing dgt.
The female host-specificity of SP6 may be due, in
part, to the lack of a gene 1.2 homologue.17,47,48 SP6
and K1-5 ORF24 (DNA ligase) is located close to
the late gene cluster and is not predicted to be
expressed early. Whether SP6 or K1-5 DNA ligase
is essential, as in T4, or only conditionally essential,
as in T7 and T3, is not known.

The cluster of class II or DNA metabolism genes
is arranged differently in the SP6 group, relative
to T7 (Figure 2). It is not known whether gene
order is important in this region, but moving the
RNAP gene to different locations on the genome is
known to cause significant changes in the T7
growth-cycle.29 SP6 and K1-5 encode close relatives
(ORF13 and ORF9, respectively) to both T7 DNA
polymerase and primase-helicase. However, heli-
case activity could not be demonstrated with the
SP6 enzyme.20 The third phage protein necessary
for in vitro T7 DNA replication, SSB, has no
obvious homologue in the SP6 or K1-5 genomes.
This is surprising, since T7 SSB interacts with both
T7 DNAP and primase-helicase and is essential
for phage growth in vivo.

A second gene that was expected from our
knowledge of the T7 life-cycle but has not been
recognized by sequence inspection in the SP6 and
K1-5 genomes is a homologue to T7 gene 2. In
infected E. coli B or K-12 cells the failure to inhibit
host RNAP leads to premature degradation of T7
DNA, particularly near the left genome end.49 SP6-
infected cells are known to contain an inhibitor of
bacterial RNAP (S. Nechaev & K. Severinov, per-
sonal communication) but no protein with simi-
larity to either T7 gp0.7 or gp2 has been assigned.
There are also no sequence homologues to T7 lyso-
zyme encoded in the SP6 and K1-5 genomes. T7
gp3.5 lysozyme regulates RNAP activity at the
level of both initiation and termination.39–41,50,51 In
particular, termination at the CJ terminator
requires lysozyme.39–41 In vivo, T7 gene 3.5 is
necessary for normal DNA replication, although
null mutants make a burst about one-third that of
wild-type, yielding pinpoint plaques at low
efficiency.52,53 Mutations that suppress this growth
defect lie in gene 1, T7 RNAP. They make the

enzyme hypersensitive to inhibition by lysozyme,
and they restore normal levels of DNA replication
and packaging.53,54 The major effect of the gene 1
mutation is likely to improve termination efficiency
at CJ. As CJ is conserved in both the SP6 and K1-5
genomes, it is expected that their RNAP is more
prone to terminate at CJ than is wild-type T7 RNAP.
Morphologically, phages in the T7 and SP6

groups are very similar; overall, their structural
genes have the same genetic organization and
many share sequence similarity (Table 1). How-
ever, like phage gh-1,11 there is only one capsid
protein, the programmed translational frameshift
that provides the minor capsid protein T7 (and
T3) gp10B does not occur in SP6 or K1-5. In
addition, the T7 head protein gp6.7 and the tail
protein gp7.3, both of which are thought to be
essential for infectivity although their functions
are not known in detail, have no obvious counter-
parts in SP6 or K1-5. Similarly, SP6 and K1-5 have
no sequence homologue to T7 gene 13, which is
required for incorporation of gp6.7 into the phage
head (P.K. & J.M., unpublished results).
Two of the three proteins that form the T7

internal core structure (gp14, gp15 and gp16) are
related by sequence to SP6 and K1-5 ORF34 and
ORF36. However, a comparable large size is the
only common feature of ORF35 with T7 gp15.
Interestingly, SP6 and K1-5 ORF35 hydrolyze pep-
tidoglycan in vitro, whereas in T7 this activity is
associated with gp16.30,31 Furthermore, unlike T7
gp16, ORF35 is predicted to have lysozyme rather
than lytic transglycosylase activity.
The presence of an internal core structure in SP6

and K1-5 particles, the sequence similarity of two
core proteins with those of T7, and the presence of
a murein hydrolase in a core protein, all suggest
that SP6 and K1-5 eject the core proteins into the
cell at the initiation of infection. The T7 core pro-
teins help transport the leading end of the phage
genome into the cell, and it seems likely that SP6
and K1-5 ORFs 34, 35, and 36 have a similar
role.55–57 If this is correct, the conserved location of
the phage RNA polymerase gene near the leading
end of the genome further suggests that, again
like T7, internalization of the SP6 and K1-5 gen-
omes into the cell is largely catalyzed by
transcription.
ORF32 and ORF33 correspond to T7 gp11 and

gp12, the proteins that constitute the short, stubby
T7 tail. Both proteins are part of the virions (Figure
3) and the SP6 and K1-5 tail structures are similar
to that of T7 (Figure 1). ORF37 is also a structural
protein of the phage (Figure 3) and is weakly
related in sequence to the tail fiber protein of the
T7-like prophage in P. putida KT2440. Many
phages, including T7, have tail fiber proteins with
high levels of sequence similarity to the prophage
protein and the majority of these proteins contain
more than 550 amino acid residues. SP6 and K1-5
ORF37 proteins are only about half that size and
sequence similarities to the prophage protein are
confined to the N-terminal region. This is the part
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Figure 2. Genome alignment of SP6, K1-5 and T7. The percentage amino acid identities of similar ORFs are depicted in a color scale. The ORF numbers refer just to SP6 and
K1-5 and not to T7.



of the T3 and T7 tail fiber that attaches to the
tail.58,59 Thus, the C-terminal domain of the T3 or
T7 tail fiber, which binds to the cell-surface lipo-
polysaccharide receptor, is missing from SP6 and
K1-5 ORF37.

K1-5 binds to both the K1 and K5 capsulated
strains of E. coli, each virion contains both the
lyase and the endosialidase necessary to degrade
the polysaccharide capsules.22 Both proteins can
be visualized by SDS-PAGE as virion components
(Figure 3). Although the predicted size of the
ORF46 lyase is 66.7 kDa (705 residues) and that of
the ORF47 endosialidase is 90.4 kDa (811 residues),
both proteins are thought to be processed near
their C termini. By comparing sequence alignments
of several endosialidases and lyases Mühlenhoff
et al. predicted the mature form of K1-5 lyase to be
52.1 kDa (505 residues) and that of the endosiali-
dase 78.4 kDa (705 residues).60 Both values are con-
sistent with the electrophoretic migration of virion
proteins on SDS-PAGE (Figure 3).

SP6 has no homologues to either the endosia-
lidase or lyase proteins but virions contain two
proteins that are predicted to interact with poly-
saccharide. One receptor for SP6 is expected to be
the S. typhimurium O-antigen, as the phage encodes
a homologue (ORF46) of the P22 gp9 tailspike. The
latter protein is an endorhamnosidase that cleaves
the a1,3-O-glycosidic bond between the repeating

tetrasaccharide units of O-antigen.61 Interestingly,
P22 adsorbs to only smooth S. typhimurium LT2
strains, but SP6 infects both smooth and rough
LT2 strains with equal efficiency (J.M., unpub-
lished results). Thus, SP6 must contain a receptor
distinct from O-antigen. A likely second receptor-
binding protein of SP6 is ORF47, which exhibits
sequence similarity to a putative VirG protein of
Y. pestis and to a fungal endopolygalacturonase.
Whether ORF47 is an enzyme that can degrade
part of the bacterial cell envelope is not known.
It was noted that the K1-5 (and K1E) endosia-

lidase lacked the N-terminal domain, relative to
the K1F endosialidase.21 The missing domain is
analogous to the tail-binding domain of the T7 tail
fiber, raising the question of how the K1-5 enzyme
is attached to the head. Similarly, the SP6 endor-
hamnosidase lacks the equivalent N-terminal
head-binding domain of the P22 tailspike. We
speculate that the enzymes are attached to the
K1-5 and SP6 particles through an interaction with
ORF37, which contains sequences corresponding
to the tail-binding domain of the T7 tail fiber gp17
but which lacks the C-terminal lipopolysaccharide-
binding domain. Interestingly, the T7 tail fiber and
the K1F endosialidase are trimeric proteins,
whereas the K1E endosialidase (which is almost
identical with K1-5 ORF47) was purified as a het-
ero-oligomeric complex that contains an unidenti-
fied 38 kDa protein.59,62–64 The size of this protein
corresponds quite well with the predicted
sequence and electrophoretic mobility of K1-5 and
SP6 ORF37 (35.5 kDa, Figure 3).

Evolution of the SP6 group

Their analysis of the marine vibriophage VpV262
(Figure 4) genome led Hardies et al. to define the
T7 supergroup as the phages that contain a T7-like
head structure module.13 The term supergroup
thus encompasses phages that share some features
of T7 and its closest relatives but lack some hall-
mark features of T7, for example, a phage-specific
RNAP. SP6 and K1-5 are much more closely related
to T7 than the marine phages of the supergroup
but are clearly well-separated from the close-knit

Figure 3. SDS-PAGE analysis of SP6 and K1-5 par-
ticles. Bands were excised and identified by N-terminal
sequencing. Bands are indicated by ORF number, the
scale (kDa) was determined using protein standards
electrophoresed in adjacent lanes.

Figure 4. Alignment of sequences of various phages of
the SP6 and T7 groups at the CJ pause/terminator
element. TR is the right end, marked by the down
arrow, of the terminal repetition in concatemeric DNA.
Underlined residues in CJ are conserved among all
phages. Underlined residues in the right part of the
sequences refer to the conserved sequence that includes
the site of termination in T7 DNA (double underline).40
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group of the coliphages T7 and T3, the yersinio-
phages fA1122 and fYeO3-12, the P. putida T7-like
prophage and its lytic phage gh-1. Aside from the
anti-type I restriction protein ORF3, which in SP6
is 77% identical with T7 gp0.3, most K1-5 and SP6
ORFs exhibit less than 40% amino acid sequence
identity with their T7 counterparts. The order of
genes involved in DNA metabolism, lysis, and
adsorption has not been conserved between the
SP6 and T7 groups. However, T7 growth seems
robust to significant changes in gene order,29 and
this difference between the groups may not trans-
late into differences in growth strategy. Neverthe-
less, we define the SP6 group of phages (SP6,
K1-5, and probably K1E) as a distinct subgroup
within the T7 supergroup. DNA sequence identity
between the SP6 and K1-5 genomes, as determined
by the GCG program GAP, is about 67%. The gen-
etic organization of the two phages is almost iden-
tical, and even for those genes where sequence
similarity cannot be discerned, most of the pre-
dicted ORFs are comparable in size. In almost all
cases, computer searches for sequence similarity
using a K1-5 ORF give the best hit to the counter-
part SP6 protein, and vice versa. Excluding the tail
enzymes, which confer host-cell specificity and are
not related by sequence, the level of amino acid
identity between proteins of known function
extends from a high of 92% for ORF9 primase to a
low of 40% for ORF36.

SP6 and K1-5 have diverged somewhat more
within their subgroup compared to the members
of the T7 subgroup. The longest stretches of
nucleotide identity between genomes are 74 bp,
within ORF13, coding for the DNAP, and 73 bp,
most of which specifies a putative transcription ter-
minator distal to ORF18. There are also two 62 bp
identities: one lies within orf9, primase, the second
is relatively A þ T-rich and extends from the 30end
of ORF14 into a non-coding, unspecified region.
No other identity greater than 50 bp is present in
the SP6 and K1-5 genomes. For comparison, the
coliphages T7 and T3 share a common 177 bp
stretch and contain five regions of .100 nucleotide
identity.2 The divergence of SP6 and K1-5 undoubt-
edly has been accentuated by their utilizing differ-
ent hosts, which themselves are thought to have
separated about 100 million years ago.65 The distri-
butions of StyLT I sites in the two phage genomes
testify to the selection imposed to remove those
sites in the SP6 genome. Nevertheless, it is hard to
imagine how an ancestor of SP6, which may have
been susceptible to StyLT I restriction as K1-5
DNA is today, could have successively lost nearly
100 sites. Perhaps the restriction system was once
part of a mobile element that swept only slowly
through the S. typhimurium serovar, or perhaps the
usual host for SP6 was non-restricting and it
encountered the restriction system only
occasionally.

The predicted promoter sequences of the SP6
and K1-5 RNAP are different, which must reflect
differences in the phage RNAP. Dietz et al. also

found two different promoter specificities asso-
ciated with four capsule-specific coliphages.66

These phages were not characterized by sequence
analysis but two of them hybridized weakly to T7
DNA, and may thus be related to K1-5. It is not
obvious how promoter specificities change,
although a single amino acid change is sufficient
to switch T7 RNAP from T7 to T3 promoter
specificity.36 A single nucleotide change within the
promoter is also sufficient to allow T7 RNAP to
transcribe from a T3 promoter and vice versa,37 but
the presence of many promoters scattered across
the genome makes it difficult to imagine how
different RNAP—promoter combinations evolve.
The minimum number of phage promoters necess-
ary for good (albeit not optimal) growth is not
known but it is clear that both T7 and T3 deletion
mutants lacking some class II promoters grow
well in the laboratory and would probably grow
well in many environments if the missing gene
products were available. As another example,
wild-type T3 contains a T7-specific gene 17 promo-
ter that is not utilized during infection.67 Thus co-
infection by different T7-group or SP6-group
phages could yield a recombinant with a number
of promoters that are not immediately recognized
by the RNAP. Such a recombinant would likely
evolve either to “correct” each promoter separately
or to expand the promoter specificity of the RNAP.
Continued evolution could then lead to all promo-
ters becoming of the same type, followed by a
regain of single promoter specificity by the RNAP.
However, coinfections by T7-like phages whose
RNAPs exhibit different promoter specificities
may result in mutual exclusion.18 Nevertheless,
rare viable recombinants (e.g. T7 £ T3,
T7 £ fYeO3-12) have been isolated in the labora-
tory, and they may be formed in the
environment.2,42–44 Viable recombinants between
two phages may even be obtained in circumstances
where neither parent can grow. For example, T7
grows very poorly, if at all, on most K1 strains.
However, by adding endosialidase to degrade the
capsule and expose the cell surface, T7 can adsorb
and replicate (D.S., unpublished results). Thus, the
only barrier to T7 infection on these cells is the cap-
sule. However, if the source of endosialidase is the
phage K1-5, a capsulated strain may be infected
almost simultaneously by both K1-5 and T7, and
recombination between the genomes could then
occur.

The T7 group consists of obligate lytic phages
that, because of their very close similarity, have
been thought to evolve primarily by vertical des-
cent and only secondarily by recombination fol-
lowing almost simultaneous infection of a cell by
two related phages. However, in several instances
database searches using SP6 or K1-5 ORFs as
query sequences revealed a related protein from a
prophage in P. putida KT2440.68 This prophage
contains an integrase function but also contains
homologues to almost all T7 genes (the host tran-
scription inhibitors gp0.7 and gp2, and the gp17.5
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holin being notable exceptions). No repressor that
could prevent phage gene expression is obvious
but host RNAP promoters that could transcribe
the phage RNAP are also missing, and thus in the
prophage state there is not likely to be substantial
phage gene expression. Nevertheless, it would be
surprising if all the prophage genes have retained
function, since many T7 genes are toxic to E. coli
when cloned. Nevertheless, the very presence of
an intact T7-like prophage in a host chromosome
should provide a superinfecting lytic phage more
opportunities for diversification by recombination
than by coinfection.

With the exceptions that there are no homo-
logues to T7 genes 13 and 18.5/18.7, it is notable
that the SP6 and K1-5 structural and morphogen-
etic genes are colinear with those of the T7 group
between the head-tail connector (ORF29, T7 gene
8) through the genes for the two terminase sub-
units (ORF39 and ORF40, T7 genes 18 and 19).
The latter are the last essential genes of T7 to be
expressed. However, SP6 and K1-5 have
additional tail enzyme “modules” which, relative
to T7, appear to have been inserted near the
right genome end that allow phage growth on
strains that produce extracellular polysaccharide.
The modules include K1-5 endosialidase and
lyase, and SP6 tailspike endorhamnosidase and
the putative endopolygalacturonase. The genes
for these proteins form a variant of “morons”,
first defined in the lambdoid phages HK97 and
HK022.69 The SP6 and K1-5 genes are preceded
by a phage, rather than a host, promoter and
are followed by regions of predicted RNA sec-
ondary structure that could serve as transcrip-
tional terminators and/or RNase III recognition
sites. The modular cassette structure of the tail
enzymes elicits the suggestion that these phages
readily change host specificity by acquiring new
enzyme activities, probably by illegitimate
recombination. In addition to the major tail
enzymes, there are several small ORFs located
between the terminase and the SP6 endorhamno-
sidase or K1-5 lyase genes, all of which exhibit
weak amino acid sequence similarities to various
bacterial enzymes involved in biosynthesis or
turnover of cell envelope macromolecules. These
small genes are likely remnants of past recombi-
nation events among ancestral phages that had
different host specificities. In accord with this
idea, there is significant sequence similarity
between ORF41, 42, and 43. SP6 ORF41 and 42
share 31% identity over their entire length,
whereas ORF42 and ORF43 share 42% identity
over about half their length.

The diversity of cell-surface polysaccharide in
enterobacteria is immense. There are 167 O-sero-
types and 80 polysaccharide K antigens known for
E. coli alone.70 While some of these capsules are
associated with pathogenicity, for example in colo-
nizing the gut, they can serve as barriers to phages.
Resistance to phage infection is likely to be the
primary driving force for capsule structure diversi-

fication. Capsule-specific phages have evolved to
overcome these outermost layers of the cell; in turn,
cells have diversified to present chemically different
polysaccharide structures. The “arms race” between
bacteria and phages could provide selective pressure
for the evolution of new polysaccharide capsules
and potentially the emergence of new pathogens.
Similarly, over 1000 distinct Salmonella O-antigen

variants have been described.71 Phage P22 recog-
nizes only three of these but the majority of the
Salmonella typing phages are related to P22, differ-
ing mainly in adsorption spectrum, immunity,
and susceptibility to superinfection exclusion
systems.72,73 SP6 has a broader host range than
these P22-like phages as it grows also on rough
strains of LT2. Whether SP6 grows on smooth
S. typhimurium strains that are resistant to P22 by
O-antigen variation has not been tested.

Additional comments

Polysaccharide-degrading enzymes carried on
phage virions have been well studied.21–23,61,64,74–85

K1-5 was the first phage described where two dis-
tinct activities have been found on a single virion.22

Presumably these enzyme activities originated
from bacterial hosts, although there is only limited
nucleotide similarity between the phage K5 lyase
and the bacterial chromosome-encoded lyase
elmA.86 Phage P22, and presumably SP6, degrade
the smooth portion of the lipopolysaccharide layer
of S. typhimurium LT2, and coliphages similar to
P22 that infect smooth E. coli strains have been
isolated.87 However, most laboratory strains of
E. coli are rough and, consequently, most attention
has been paid to rough-specific coliphages. This
quirk of history in phage biology may have led to
an under-appreciation of the role of virion-associ-
ated, polysaccharide-degrading enzymes associated
with the degradation of polysaccharide capsules.
Three enzyme activities have now been found as

part of K1-5 virions. In addition to the O-antigen or
K-antigen degrading activities, both SP6 and K1-5
virions contain an enzyme that degrades peptido-
glycan. This enzyme activity is common to most
dsDNA phage virions.31 It is of interest that by
sequence analysis SP6 and K1-5 virions contain a
lysozyme activity, whereas members of the T7
group contain a lytic transglycosylase. Further-
more, the murein hydrolase activity in SP6 and
K1-5 is part of ORF35, the positional counterpart
to T7 gp15, whereas it is part of gp16 in the T7
group. Therefore, the acquisition of murein hydro-
lase activity must have occurred after the two
phage groups had separated. The ability to
degrade peptidoglycan is not essential for phages
that infect Gram-negative hosts but its presence
extends the conditions under which a successful
infection can occur.30,31,88 The fusion of distinct
murein hydrolase activities to different virion
structural components in the T7 and SP6 groups
argues that the enzyme was not present in a
common ancestral phage and was acquired by

SP6 and K1-5 Phage Genomes 1167



both modern groups under a selection for an
increased efficiency of infection.

Materials and Methods

SP6 was purified by CsCl density-gradient centrifu-
gation and genomic DNA was isolated by extraction
with phenol. Sequence data were obtained by a combi-
nation of primer walking from known SP6 sequences
using genomic DNA as a template and by shotgun clon-
ing random fragments. The genome ends were deter-
mined by a combination of sequencing to the genome
end, cloning and sequencing the terminal repeat regions,
and by ligating the genome to linearized, blunt-ended
pUC19. Ligating the genome to itself to form circular
molecules or concatemers was unsuccessful, as judged
by PCR and DNA sequencing across the repeat region
using appropriate primers. Furthermore, obtaining
clones of the terminal repeats was far more difficult
than anticipated. The left genome end, in particular,
exhibited sequence variability between the different
methods and independent repetitions of the same
method on different phage stocks. While the sequence
presented is thought to represent the majority, it is poss-
ible that a percentage of genomes within a population
have different genome ends.

K1-5 DNA was also isolated from phage purified by
CsCl density-gradient centrifugation and extraction
with phenol. Genomic DNA was used directly as a tem-
plate for sequencing by primer walking using known
sequences as starting points. Both strands were
sequenced completely with sufficient overlap to have
threefold confirmation. The ends were confirmed by
ligating phage DNA to mp19 RF DNA cut with Sma I
and by performing PCR on the ligation mix using pri-
mers specific to mp19 and to sequences near to either
end of the phage DNA. The PCR product was then
sequenced to locate the exact ends of the genome.

Annotation for both phages were done using a combi-
nation of BLAST89 searches and visual inspection. Data-
base searches were performed on individual ORFs
(BLASTP) as well as the entire genome (BLASTX and
BLASTN). Amino acid sequence alignments were per-
formed using GCG-Lite.90

Sequences and annotation

The Genbank accession number for the SP6 genome is
AY370673 and that for the K1-5 genome is AY370674.
During the course of these studies we discovered that the
SP6 genome sequence had been determined by another
group91 (Genbank Accession number AY288927). The two
sequences agree completely, a result that provides confi-
dence in the accuracy of the two approaches to DNA
sequencing. The annotation of the SP6 genome determined
as part of this work has been coordinated with that of Dob-
bins et al.,91 it differs mainly in the predicted start sites for
ORFs that have no defined function.
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