
JOURNAL OF VIROLOGY, Sept. 2011, p. 8597–8605 Vol. 85, No. 17
0022-538X/11/$12.00 doi:10.1128/JVI.00395-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Campylobacter jejuni Group III Phage CP81 Contains Many T4-Like
Genes without Belonging to the T4-Type Phage Group:

Implications for the Evolution of T4 Phages�†
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CP81 is a virulent Campylobacter group III phage whose linear genome comprises 132,454 bp. At the
nucleotide level, CP81 differs from other phages. However, a number of its structural and replication/recom-
bination proteins revealed a relationship to the group II Campylobacter phages CP220/CPt10 and to T4-type
phages. Unlike the T4-related phages, the CP81 genome does not contain conserved replication and virion
modules. Instead, the respective genes are scattered throughout the phage genome. Moreover, most genes for
metabolic enzymes of CP220/CPt10 are lacking in CP81. On the other hand, the CP81 genome contains nine
similar genes for homing endonucleases which may be involved in the attrition of the conserved gene order for
the virion core genes of T4-type phages. The phage apparently possesses an unusual modification of C or G
bases. Efficient cleavage of its DNA was only achieved with restriction enzymes recognizing pure A/T sites.
Uncommonly, phenol extraction leads to a significant loss of CP81 DNA from the aqueous layer, a property not
yet described for other phages belonging to the T4 superfamily.

Campylobacteriosis is a worldwide zoonosis. There are prob-
ably more than two million Campylobacter infections in hu-
mans annually in the United States. Also, in developing coun-
tries, infections with Campylobacter jejuni are very frequent in
children, and symptomatic infections early in life are followed
later by asymptomatic infections. The bacteria are common
commensals of the gastrointestinal tract of various mammals
and birds. Consumption of undercooked meats, especially
poultry, has been associated with Campylobacter infections
(44). The prevalence of Campylobacter-positive chicken is gen-
erally high, and transmission of Campylobacter from bird to
bird occurs rapidly (25). Intervention strategies mainly focus
on biosecurity measures (e.g., improvement of personal hy-
giene, avoiding of mixed farming, and control of rodents and
insects) and postslaughter decontamination of poultry car-
casses (19). Since these measures are expensive and not always
efficient and since suitable vaccines are not available, bacterio-
phages have been proposed to reduce the Campylobacter
counts on chicken. Indeed, phage administration in the labo-
ratory reduced C. jejuni colonization of the broiler gut and the
contamination on chicken skin by several orders of magnitude
(3, 6, 16, 20, 29, 50).

Phages intended for therapeutic applications or for the control
of pathogens in food production have to fulfill a number of re-
quirements. First and foremost, phages have to be safe in order to

avoid any undesired side effect. Therefore, a basic understanding
of the biology and genetics of the phage to be used is mandatory.
A minimal standard is the acquisition of the genome sequence of
the phage to exclude undesired genes. Unfortunately, up to now,
genome sequences of Campylobacter phages are scarce. Most
Campylobacter phages have been investigated only with respect to
their host ranges, morphology, and genome size (3, 4, 11, 16, 22,
26, 30). Almost all Campylobacter phages isolated thus far are
members of the family Myoviridae. According to their genome
sizes estimated by pulsed-field gel electrophoresis (PFGE), the
phages are classified into three groups (group I, 320 kb; group II,
180 to 190 kb; group III, 130 to 140 kb) (40). No group I Cam-
pylobacter phage has yet been sequenced. Recently, the nucleo-
tide sequences of two group II phages (CP220 and CPt10) have
been published (49). These two phages share a DNA sequence
identity of 96% and some protein matches with T4-type phages.
Group III Campylobacter phages have been isolated in the United
Kingdom, Denmark, and South Korea (22, 26, 30). Perhaps due
to chemical modification of bases in the phage DNA (4, 11),
Campylobacter phage genomes are highly refractory to genomic
analysis. Therefore, no group III phage genome sequences have
yet been reported. Here, we present the first genome sequence of
a group III Campylobacter phage (CP81) whose gene products
share protein sequence identity with proteins of the T4 phage
family in a genome that is smaller than any hitherto reported
T4-like phage. This observation raises interesting questions with
respect to the evolution of the T4 gene set.

MATERIALS AND METHODS

Isolation, propagation, and purification of the phage. CP81 was isolated from
the skin of a retail chicken portion purchased from a supermarket in Bavaria,
Germany. To recover phage particles from the skin, 15 to 20 ml of SM buffer (41)
was added to the sample, which was then incubated overnight at 45°C on a stirrer.
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Subsequently, the meat juice was centrifuged at 10,000 � g, followed by filtration
of the supernatant through a 0.2-�m-pore-size nitrocellulose membrane (VWR
International, Darmstadt, Germany). Phage activity was detected by spotting 10
�l of the CP81 suspension onto a lawn of the C. jejuni reference strain
NCTC11168 (18, 21). Group II phage NCTC12684 was obtained from the Na-
tional Collection of Type Cultures, Health Protection Agency, United Kingdom.
This phage has already been characterized (40). The cultivation of bacteria,
plaque assays, single plaque isolations, and propagation of the phages were
performed as previously described (22, 41). Phages were concentrated and pu-
rified by CsCl-step gradients (41).

Examination of phage morphology. Solutions of purified phages were investi-
gated by transmission electron microscopy using the negative-staining procedure
according to Steven et al. (45). Samples were stained with 2% uranyl acetate (pH
4.3), 2% ammonium molybdate (pH 7.0), or 2% sodium phosphotungstate (pH
7.0). Except for uranyl acetate, 0.04% trehalose was added to the staining
solution (23). Samples were examined using a Tecnai Spirit (FEI, Hillsboro, OR)
equipped with an Eagle 4K charge-coupled device (CCD) camera. Magnifica-
tions were calibrated using negatively stained catalase crystals (52). For repro-
ducibility, samples were adjusted to eucentric focus. Measurements were per-
formed using the EMMENU, version 4.0, software (TVIPS, Gauting, Germany).

SDS-PAGE and structural protein analysis by MS. SDS-PAGE was con-
ducted according to Laemmli (27). To analyze CP81 structural proteins, CsCl-
purified phage particles were supplemented with loading buffer (Roth,
Karlsruhe, Germany), boiled for 10 min, and separated at 20 mA on a one-
dimensional 15% (wt/vol) SDS gel at 15°C. Structural proteins were visualized by
Coomassie brilliant blue R-250 (Bio-Rad, Hercules, CA) staining. Protein bands
were excised from the gel, washed twice with 50% (vol/vol) acetonitrile in 5 mM
ammonium bicarbonate for 60 min, digested with porcine trypsin (Merck, Darm-
stadt, Germany), and purified as described previously (24). For identification of
the proteins, high-pressure liquid chromatography (HPLC) coupled to a mass
spectrometer (MS) was used, and automated tandem MS (MS/MS) fragmenta-
tion was performed during the HPLC run. For the determination of peptide
sequences, MS/MS spectra were obtained using a QStar XL hybrid mass spec-
trometer (Applied Biosystems, Foster City, California) with a nanoelectrospray
source. The obtained data were submitted to the Mascot web server database
(Matrix Science, Boston, MA) (35).

Isolation, sequencing, and bioinformatic analysis of CP81 DNA. To isolate
phage DNA, purified CP81 particles were disintegrated by treatment with pro-
teinase K-SDS at 56°C for 2 h. Thereafter, the phage DNA was ethanol precip-
itated and washed by standard procedures (41). Library generation for the 454
FLX sequencing was carried out according to the manufacturer’s standard pro-
tocols (Roche/454 Life Sciences, Branford, CT). Briefly, high-molecular-weight
phage DNA was randomly sheared by nebulization into fragments ranging in size
from 400 bp to 900 bp. The fragments were end polished and the 454 A and B
adaptors required for the emulsion PCR and sequencing were added to the ends
of the fragments by ligation. The concentration of the resulting fragment library
was measured by fluorimetry and sequenced on a 1/16 PicoTiterPlate (PTP) on
a Genome Sequencer FLX system using the Roche/454 titanium chemistry. A
total of 60,773 sequence reads with an average read length of 350 nucleotides
were obtained, yielding 22.3 Mb of sequence data. The sequence reads were
assembled using the Roche/454 Newbler software at default settings (release 2.3
[091027_1459]; 454 Life Sciences Corp.). Assembly resulted in a single
132,454-bp contig comprised of 55,196 reads with average sequence coverage of
more than 145 per consensus base.

Protein-encoding open reading frames (ORFs) were predicted using the al-
gorithms of ORF-Finder (http://www.ncbi.nlm.nih.gov/) and the Glimmer, ver-
sion 2.0, microbial gene-finding software combined with manual curation (12).
As basic premises for the ORF analysis, the presence of ATG, TTG, or GTG as
a potential start codon and a length of at least 25 encoded amino acids were
stated. Gene products of the ORFs were compared to the annotated proteins of
the nonredundant GenBank database BLASTp (http://www.ncbi.nlm.nih.gov
/BLAST/). For gene products with low e-values (�0.001) or no sequence simi-
larity, the PSI-BLAST algorithm was used (1). Identification of putative tRNA
genes was performed using tRNAscan-SE (31). Putative Rho-independent tran-
scription terminators were identified using TRANSTERM (5).

The CP81 genome was compared to other T4-like phages using the Georgia
Gwinnett College (GGC) T4-like genome website (http://phage.ggc.edu) com-
prising the following phages: enterobacteria phage T4 (NC000866); Synechococ-
cus cyanophages Syn9 and S-PM2 (NC008296 and NC006820); Prochlorococcus
cyanophages P-SSM2 and P-SSM4 (NC006883 and NC006884); Vibrio phage
KVP40 (NC005083); enterobacteria phages RB32, RB43, RB49, and RB69
(NC008515, NC007023, NC005066, and NC004928, respectively); Aeromonas
phages Aeh1, 25, and 31 (NC005260, NC008208, and NC007022, respectively)

(32–34, 36, 39, 46, 51); Shigella phage phiSboM-AG3 (NC013693); and Delftia
phage phiW-14 (NC013697).

Restriction endonuclease analysis and in vitro amplification of the CP81
genome. Restriction endonucleases were supplied by Fermentas (St. Leon-Rot,
Germany). Digests were performed according to the manufacturer’s recommen-
dations and analyzed by agarose gel electrophoresis using standard procedures
(41). The CP81 genome was amplified by use of the REPLI-g whole-genome
amplification kit (Qiagen, Hilden, Germany) according to the supplier’s recom-
mendations.

Nucleotide sequence accession number. The complete nucleotide sequence of
the CP81 genome was submitted to EMBL under the accession number
FR823450.

RESULTS

CP81 is the prototype of several very similar group III
phages isolated in Germany, Denmark, and the United King-
dom (4, 22). Electron micrographs of negatively stained CP81
particles revealed virions comprised of an isometric head (di-
ameter, 96.4 � 2.9 nm; n � 40), a contractile tail (97.5 � 5.47
by 21.2 � 2.13 nm), and a baseplate with a bundle of presum-
ably six tail fibers, which are about half as long as the tail (Fig.
1A). Single particles with contracted tails and full heads found
in the phage band of the CsCl gradient mostly exhibited glob-
ular structures at the end of their tails. Binding of phages to
cell wall fragments was not observed in the phage preparation.
CP81 is a typical myovirus, but it does not share a morpholog-
ical resemblance to typical T4-like phages. Unlike the T-evens,
PseudoT-evens, and SchizoT-evens, the CP81 head is not elon-
gated (prolate). ExoT-even cyanophages, which are more dis-
tantly related to T4, possess isometric heads, but the heads of
these phages are smaller than the CP81 head while the tails of
ExoT-evens are significantly longer (48). CP81 exhibited a
rather narrow host range by lysing 60 out of 305 C. jejuni
strains (�20%) belonging to the Campylobacter strain collec-
tion of the Bundesinstitut für Risikobewertung (BfR).

Progress in genome analysis of Campylobacter phages has so
far been hampered by the recalcitrant chemical nature of the
DNA of Campylobacter phages, particularly those of group III
(6, 30, 40). We tested the susceptibility of CP81 DNA to a wide
range of restriction enzymes (see Table S1 in the supplemental
material). Most of the investigated enzymes did not cut the
phage DNA at all. Inefficient cleavage might reflect the very
low G�C content of 26.1% determined for CP81 by genome
sequencing (see below), which is even lower than the content
reported for its host C. jejuni NCTC11168 (30.6%) (38). In-
deed, efficient cleavage was achieved using the enzymes DraI
(TTTAAA; 455 sites), SmiI (ATTTAAAT; 51 sites), and VspI
(ATTAAT; 224 sites) whose recognition sites are exclusively
composed of the bases adenine and thymine (Fig. 2). Never-
theless, the CP81 genome also contains numerous theoretical
recognition sites for enzymes (e.g., BclI, 32 sites), which were
in reality not cleaved. As BclI recognizes the sequence
TGATCA, CP81 most likely contains modified C or G bases.
We tested a number of restriction endonucleases that cleave
methylated DNA (CpG, Dam, Dcm, EcoBI, and EcoKI), but
even these enzymes did not give clear fragment patterns (data
not shown). The following observation suggests that CP81 (and
probably other group III members as well) posses a novel DNA
modification that is distinct from those of group II and T4-type
phages.

Viral DNA is routinely isolated by disintegration of purified
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particles with proteinase K and SDS, followed by phenol-chlo-
roform extractions at pH 8.0. Similarly to other phages, CP81
DNA could be recovered in large amounts after treatment of
particles with proteinase K-SDS and subsequent precipitation
of the released DNA by ethanol. However, in contrast to, e.g.,
group II Campylobacter phage NCTC12684, phenol extraction
of the proteinase K-SDS-treated phage did not result in the
partitioning of the phage DNA into the aqueous layer above
the phenol phase (Fig. 3A). Ether extractions revealed that
CP81 DNA remained associated with the interphase (data not
shown). Upon amplification of native CP81 DNA by use of a
whole-genome amplification kit (see Materials and Methods),
the phage DNA could be phenol extracted without loss (Fig.

3A). Furthermore, the amplified DNA was susceptible to
cleavage by restriction enzymes (e.g., EcoRI and HindIII)
whose recognition sites comprise C and G bases (Fig. 3B).
Molecular cloning and sequencing of those restriction frag-
ments confirmed the amplification of CP81 DNA (data not
shown). These results indicate that native CP81 DNA contains
a chemical modification of C or G bases that mediates both
resistance against cleavage by most restriction endonucleases
and distinct partition of the DNA between the phenol and
water phase. The treatment with phenol renders the CP81
DNA less hydrophilic, a characteristic thus far not reported for
other phages. We screened the CP81 genomic sequence for
ORFs that might code for enzymes involved in phage DNA
base modification, but the annotation did not give any clues
about the nature of this modification.

CP81 has a linear genome of 132,454 bp, of which 94% are
coding sequences. Using PCR and Bal-31 exonuclease assays,
it became evident that the CP81 genome is a circularly per-
muted molecule (data not shown). We identified 188 putative
ORFs (product length of �35 amino acids), 165 on the plus
strand and 23 on the minus strand (Fig. 4 and Table 1; see also
Table S2 in the supplemental material). At the nucleotide
level, CP81 lacks even short regions of sequence identity with
T4-type phages and shows only very short regions of DNA
sequence identity with the completely sequenced group II
Campylobacter phages CP220 and CPt10 (see Fig. S1A in the
supplemental material). Likewise, a PROMMER analysis
searching for low-level amino acid identities (a match over 10
amino acids giving a point) revealed only a few scattered
matches with Campylobacter phages CP220 and CPt10 and
practically no matches with a phylogenetically broad range of
T4-like phages (Escherichia coli phages T4, RB43, RB49, and
RB69; Vibrio phage KVP40; Aeromonas phage Aeh1 and cya-
nophage S-PM2) (see Fig. S1B).

When individual CP81 proteins were investigated by BLAST
searches, almost half (92) of the predicted CP81 products
exhibited significant homologies (e-value of �0.001) to known

FIG. 1. Morphology and structural proteins of CP81. (A) Electron micrographs of negatively stained virions. The micrographs on the left and
on the right show particles stained with phosphotungstate and ammonium molybdate, respectively (see Materials and Methods). The head
diameter was measured between the sides parallel and diagonal to the tail. Both axes were identical within the error range. A collar structure as
in T4 was not observed. (B) SDS-PAGE of structural CP81 proteins (27). As a marker, the unstained molecular mass marker of Fermentas (St.
Leon-Rot, Germany) was used. Visible bands were excised from the gel and analyzed by mass spectrometry (53).

FIG. 2. Restriction patterns of native CP81 DNA. The enzymes
DraI, VspI, and SmiI recognize pure A/T sequences.
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proteins: 70 and 29 of the CP81 products were similar to
proteins of CP220/CPt10 and T4-type phages, respectively
(Fig. 5 and Table 1). With phages from the T4 superfamily, the
highest overall levels of protein sequence identity (up to 43%)
were found with the ExoT-even cyanophages Syn9/S-PM2 of
Synechococcus and P-SSM2/P-SSM4 of Prochlorococcus (9, 32,
46, 51). Twenty-five CP81 gene products (13.3%) are at least
23% identical to T4 proteins (see Table S2 in the supplemental
material). Notably, CP81 and CP220/CPt10 are similarly re-
lated to T4. The comparison of the Campylobacter phages with
each other revealed identity values of T4-like proteins up to

48% while some other proteins of the Campylobacter phages
are up to 99% identical (see Table S2).

The genomes of the group II Campylobacter phages CP220
(177.5 kb) and CPt10 (175.7 kb) are within the genome size
range (164 to 255 kb) of typical T4 phages, while the CP81
genome (132.5 kb) lies well below the smallest described
T4 genome. Thus, CP220 and CPt10 have a considerably larger
genome than CP81 and encode proteins not encountered in
CP81. Most prominent among them are membrane proteins,
transposases, and metabolic enzymes including 12 proteins
with S-adenosylmethionine (SAM) domains (49). Conversely,

FIG. 3. Analysis of native and amplified CP81 DNA. (A) Loss of native CP81 DNA after extraction with phenol. Native DNA of group II phage
NCTC12684 and the amplified DNAs of both phages were not lost after phenol extraction. (B) Susceptibility of native and amplified CP81 DNA
to cleavage by restriction endonucleases whose recognition sites are composed of A/T and G/C sequences.
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the CP81 genome showed an expansion of one protein family,
represented by nine ORFs, that is present only in a single
member of group II Campylobacter phages. The products of
the nine related CP81 ORFs share 39 to 49% amino acid
identity with the homing endonuclease function (HEF) protein
of the T4-related phage U5 (42) (Fig. 4). Homing endonu-
clease genes are mobile genetic elements that can promote
their own horizontal transfer by inserting into a cognate site
not containing the endonuclease gene (43). They are common
“molecular parasites” of T4 phage genomes (15). The CP81
HEFs are on average 53% identical to each other and similarly
related (45 to 51% identical) to the CP220/CPt10 endonu-
clease.

In the PROMMER dot plot display, many internal repeats
are scattered over the entire CP81 genome (see Fig. S2B in the
supplemental material). Internal repeats within the CP81 ge-
nome were also observed at the DNA sequence level (Fig.
S2A). Perfect nucleotide alignments ranged in length up to 77
bp. The majority of these matches were provided by the hef1 to
hef9 genes. All hef genes shared sequence identity of �20 bp.
Inverted repeats of �20 bp in length were provided by four
predicted phage transcriptional terminators. A 22-bp direct
repeat was seen in the putative portal vertex protein ORF157.

T4-like phages possess colinear genomes consisting of con-
served modules (e.g., virion structural module or DNA repli-

TABLE 1. Characteristics of the CP81 genomic sequence

Parameter Value

Genome size (bp)............................................................132,454
Base content (% G�C)..................................................26.1
Total no. of CDCs (ORFs) ............................................188

Plus strand....................................................................165
Minus strand ................................................................23

% of genome coding for proteins .................................94

No. of start codons
AUG .............................................................................184
GUG .............................................................................2
UUG .............................................................................2

No. of Rho transcription terminators...........................12
No. of tRNA genes .........................................................5
No. of related gene products .........................................106
No. of CP220/CPt10-related proteins

(% identity) ..............................................................70 (47a 	24–99
)
No. of T4-type phage-related proteins

(% identity) ..............................................................29 (5a 	23–51
)
No. of proteins related to other phages

(% identity) ..............................................................15a (24–43)
No. of proteins related to

Campylobacter/Helicobacter (% identity) ..............13a (31–98)
No. of proteins related to other bacteria

(% identity) ..............................................................21a (24–61)

a Number of related proteins with the best NCBI BlastP match.

FIG. 4. Map of the CP81 genome. Putative genes are colored according to the predicted functions of their products. The positions of putative
transcription terminators are indicated.
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cation module) interspersed by clusters of variable genes (10,
54). On the CP81 genome, we identified 14 genes whose pre-
dicted products share protein sequence identity with structural
T4-type proteins (see Table S2 in the supplemental material).
However, in strong contrast to the T4-type genome organiza-
tion, the structural genes of CP81 (some of them were con-
firmed by mass spectrometry; see below) are not arranged in a
module on the CP81 genome (Fig. 4). There is one short
cluster of three genes which have an arrangement similar to
that in T4-related phages: ORFs 157, 159, and 161 correspond
to the portal vertex protein (gp20 of T4), prohead protease
(gp21), and major capsid protein (gp23), respectively (Fig. 6).
The ORFs 157 and 161 gene products were, indeed, identified
by mass spectrometry as coding for virion structural proteins
(Fig. 1B).

We observed three cases where more than one CP81 gene
product shared sequence relatedness with a T4-type phage
protein. The first case relates to the putative major head pro-
tein of CP81. In addition to the putative major capsid protein
encoded by ORF161, CP81 encodes in ORF103 a second T4
gp23-like protein that is 24% identical to gp23 of Aeromonas
phage 25. The ORF103 product was identified as a minor
structural protein by peptide mass fingerprinting (Fig. 1B).
This situation closely resembles that of T4 phage, where the
major head protein gp23 shares sequence identity with the

head vertex protein gp24, also a minor structural protein of the
virion (7). However, instead of being adjacent as in T4,
ORF103 and ORF161 are located on opposite DNA strands.
Remarkably, the two CP81 gp23 genes are accompanied by
homing endonuclease genes (hef4 and hef6). In both T4 and
CP81, the “duplicated” major virion genes share only low-level
amino acid identity (CP81, 16%) suggesting that they more
likely represent two separate gene import events than an an-
cient gene duplication event within the CP81 genome.

Even more conspicuous is the case of the putative tail tube
protein gene (gp19 in T4), which occurs in three copies in the
CP81 genome. ORF11 and ORF12 are located side by side on
the plus strand near the 5� end of the genome far away from
other structural genes while ORF152 is situated 90 kb away on
the opposite strand and in the vicinity of the major gp23 pro-
tein gene (ORF161) (Fig. 4). Comparison of the three gp19
proteins of CP81 showed that they are related but differ in size
(ORF11, 181 aa; ORF12, 193 aa; ORF152, 244 aa). The
ORF11 and ORF12 gene products are less (27%) identical to
each other than to gp19 of T4-type phages (29% and 36%
identity, respectively). The ORF152 product shares no signif-
icant identity with the ORF11 and ORF12 products but is 23%
identical to the tail tube protein of the T4-related Synecho-
coccus phage S-RSM4. Peptides derived from both ORF11 and
ORF12 were identified by mass spectrometry in the structural
proteins of CP81 virions separated by SDS-PAGE (Fig. 1B). In
contrast, an ORF152 product could not be detected, suggesting
that it is produced in amounts too small to obtain a band by
SDS-PAGE or that ORF152 is a pseudogene. It is again strik-
ing that near the tail tube genes, homing endonuclease genes
are located (hef1 and hef5).

Finally, two CP81 genes were detected whose products share
amino acid identity with the head/DNA packaging T4 gp17
homologue. As the CP81 ORFs 154 and 179 match different
regions of the T4 gp17 homologue, the genetic event is a
splitting of a gene into two halves and not a gene duplication.
Homing endonuclease genes may also play a role in this case.
ORF154 and ORF179 are located several kilobases apart on
opposite strands and are in the vicinity of hef genes. ORF179
is, in fact, bracketed by hef7 and hef8 on one side and by hef9
on the other side, suggesting a mechanistic role of the hef genes
for the splitting of the T4 gp17 homologue in CP81. Splitting of
duplicated genes was also observed in T4 phages (7).

We additionally found ORFs which encode homologues of
the T4 tail completion proteins gp13 and gp14, the tail sheath
stabilizer gp15, and the tail sheath protein gp18. Peptides cor-
responding to ORF13 and ORF18 were identified by mass
spectrometry as structural proteins of CP81 (Fig. 1B). How-
ever, these tail genes plus the genes for the tail tube homo-
logues of gp19 do not form a tail module as in T4 phages but
are scattered across the CP81 genome.

Again in contrast to T4 phages where DNA replication
genes form a conserved gene cluster, CP81 ORFs that encode
proteins involved in DNA replication and recombination pro-
cesses are dispersed over the whole CP81 genome (Fig. 4). We
identified putative genes for homologues of the T4 DNA ligase
gp30 (ORF171), single-strand binding protein gp32 (ORF183),
DNA primase/helicase gp41 (ORF4), DNA polymerase gp43
(ORF126), sliding clamp loader gp44 (ORF44), sliding clamp
gp45 (ORF6), DNA primase gp61 (ORF119), RNase H

FIG. 5. Relationship of CP81 to T4-type phages. Circular illustra-
tion of the CP81 genome and similarities of predicted products to
proteins of the group II phages CP220/CPt10 and to phages belonging
to the T4 superfamily. The inner circle (black) shows a plot of the
G�C content deviation along the CP81 genome.
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(ORF186), and RNA-DNA helicase UvsW (ORF144). This
list of proteins suggests that a T4-like replisome structure is
probably also produced by the Campylobacter phage. More-
over, as in T4, recombination and DNA replication might be
connected processes because phage CP81 also carries key
genes involved in T4-like homologous recombination, namely,
ORF32 (topoisomerase II, gp39), ORF49 (RecA-like recom-
binase, UvsX), ORF105 (recombination endonuclease, gp47),
and ORF107 (recombination protein, gp46).

The CP81 genome was screened against a database of un-
desired genes (DUG) described and validated in a previous
safety analysis of bacteriophage genomes (13, 54). No signifi-
cant hit was obtained with the CP81 sequence. Control runs

with E. coli phage lambda yielded such hits, demonstrating that
the CP81 sequence was not giving a false-negative result. Thus,
phage CP81 is apparently free from critical genes (e.g., viru-
lence factors or antibiotic resistance determinants) that would
exclude its possible use for applications within the food chain.

DISCUSSION

The comparative genomics of T4-related bacteriophages has
attracted substantial interest because (i) E. coli phage T4 is one
of the most intensively investigated systems in molecular biol-
ogy, (ii) T4-related phages became the focus of intensive ge-
nome sequencing efforts, and (iii) T4-related phages were

FIG. 6. Virion structural modules of T4-type phages. The T-even, PseudoT-even, SchizoT-even, and ExoT-even subgroups are represented by
T4/RB69, RB49/RB43, Aeh1/KVP40, and S-PM2, respectively (10, 14). Genes are denoted according to the nomenclature of T4 and colored on
the basis of similarities of their products to other proteins.
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found in very distant bacterial hosts like cyanobacteria, allow-
ing a wide-ranging view into bacteriophage genome evolution
(37). Researchers had already identified a set of essential genes
for T4 phage multiplication while genome comparisons de-
fined a core set of genes as a unifying feature of all T4-related
phages (34). With the inclusion of many T4-like cyanophages
into the T4 phage group, the core set for T4-like myoviruses
from diverse hosts and environments is now stabilizing at 38
virion structural and DNA replication genes (47).

The observation of structural genes with a conserved gene
order (synteny) and detectable protein sequence identity over
phylogenetically distantly related bacterial hosts has puzzled
virologists and was interpreted as evidence for substantial hor-
izontal gene transfer. In contrast to the situation of lambdoid
coliphages, where the structural genes define several individual
modules like DNA packaging, head morphogenesis, head-to-
tail linker, tail morphogenesis, and tail fiber genes, structural
genes of T4-like phages frequently represent only two modules
(tail fiber genes versus the rest of the morphogenesis genes).
There is apparently a relatively strong resistance to the frag-
mentation of T4-like structural genes in evolution. The cya-
nophage S-PM2, for example, shares with T4 coliphage a
practically uninterrupted gene cluster of structural genes cor-
responding to g13 to g23 of T4 phage (Fig. 6). How far the
reach of T4-related phages extends is currently an open ques-
tion. Molecular taxonomists using proteome comparison tech-
niques argued that cyanophages like S-PM2 should not be
classified as T4-like phages (28). However, gene content ana-
lyses maintain cyanophages in the periphery of the T4-related
phage group (47). Recent sequencing work with Campylobacter
group II phages (49) and the present report provide interesting
new observations for the debate on the reach of T4-related
phages. Group II and group III Campylobacter phages contain
genes whose products share detectable sequence identity with
the most conserved proteins of T4-related phages, namely, the
products of structural genes next to the major head gene and
DNA replication genes. However, the highly characteristic
gene order of this cluster found in all previously defined T4-
related phages is not maintained in CP220/CPt10 and CP81.
Does this speak for several independent horizontal gene trans-
fer events of T4-type genes into Campylobacter phages? This
idea is at odds with current notions about the evolution of
T4-like phages, which state that the core genome of T4-related
phages is resistant to dispersal in evolution (17). How could
genes that are interacting so strongly when building a phage
capsid then “travel” independently in evolution? The observa-
tion of a “fragmented” virion gene cluster does not necessarily
argue against a horizontal gene transfer event in Campylobac-
ter. It may well be possible that the attrition of the T4-type
synteny of structural genes occurred in Campylobacter at a time
point when the essential set of interacting T4 genes had al-
ready arrived en bloc. The gene constellation of g15, g17, g18,
(g19), g20, g21, and g23 in Campylobacter phages CP81 and
CP220 would thus define a minimal interacting protein set for
building a T4-related virion structural skeleton. It should be
noted that CP81 does not represent a morphology diagnostic
for T4-related phages. However, T4-like cyanophages like
S-PM2 do not exhibit the characteristic prolate T4 head either
(8). CP81 deviates in another respect from the standard picture
of T4-related phages. T4-related phages showed up to now a

minimal genome size of about 160 kb while the upper size
range was less well defined and could reach up to 250 kb in
vibriophages or cyanophages (37). With 132 kb, the CP81 ge-
nome size is below any other genome size of a T4-related
phage. Might this smaller genome size be a consequence of the
attrition of the g13 to g23 cluster in CP81? Two other recently
sequenced T4-like phages from proteobacteria, phiW-14 and
phiSboM-AG3, also show genome sizes below 160 kb (157.5 kb
and 158 kb, respectively), but both still show a complete and
perfectly conserved g13 to g23 gene set (Fig. 6). In dot plot
analyses, CP81 does not share more sequence relatedness with
the small-genome-sized phiW-14 and phiSboM-AG3 phages
than with the normal-genome-sized T4-like phages (data not
shown). Genome size reduction is thus an unlikely reason for
the attrition of the T4 virion gene order. We speculate that the
high number of homing endonuclease genes in the CP81 ge-
nome may be a more likely reason for the loss of synteny of g13
to g23. The selfish homing endonuclease genes might lead to
highly recombinogenic regions in the phage genome by pro-
viding short stretches of sequence conservation sufficient for
homologous recombination (see Fig. S2 in the supplemental
material) as previously suggested for other small repeats in T4
phages (2). At the same time, the nuclease activity of this
mobile element might err in sequence recognition, leading to
double-stranded DNA breaks. In fact, in cyanophage endonu-
clease-flanked gene cassettes are located in variable locations
on the phage genomes (47). The conspicuous vicinity of hom-
ing endonuclease genes next to the dispersed T4-like genes
observed in phage CP81 would at least represent a bioinfor-
matic hint to these mobile elements as motors of phage ge-
nome evolution.

Our observations challenge still other notions: T4-related
phages that infect the more distant phylogenetic relatives ex-
hibited also the highest degree of divergence from each other
(37). Why, then, are the T4-like proteins of CP81 not more
closely related to T4 coliphages (as the relatedness of their
bacterial hosts would indicate) than to T4-like phages from
cyanobacteria? This observation is difficult to explain with pre-
viously presented evidence for vertical and horizontal evolu-
tion in the T4 phage group. Apparently, even for such an
intensively investigated group of bacterial viruses like T4
phages, surprises can still be found in close evolutionary rela-
tives of E. coli. Further phage sequencing is thus likely to
modify our understanding of phage evolution.
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