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The genomes of six Listeria bacteriophages were sequenced and analyzed. Phages A006, A500, B025, P35, and
P40 are members of the Siphoviridae and contain double-stranded DNA genomes of between 35.6 kb and 42.7
kb. Phage B054 is a unique myovirus and features a 48.2-kb genome. Phage B025 features 3� overlapping
single-stranded genome ends, whereas the other viruses contain collections of terminally redundant, circularly
permuted DNA molecules. Phages P35 and P40 have a broad host range and lack lysogeny functions, corre-
lating with their virulent lifestyle. Phages A500, A006, and B025 integrate into bacterial tRNA genes, whereas
B054 targets the 3� end of translation elongation factor gene tsf. This is the first reported case of phage
integration into such an evolutionarily conserved genetic element. Peptide fingerprinting of viral proteins
revealed that both A118 and A500 utilize �1 and �1 programmed translational frameshifting for generating
major capsid and tail shaft proteins with C termini of different lengths. In both cases, the unusual �1
frameshift at the 3� ends of the tsh coding sequences is induced by overlapping proline codons and cis-acting
shifty stops. Although Listeria phage genomes feature a conserved organization, they also show extensive
mosaicism within the genome building blocks. Of particular interest is B025, which harbors a collection of
modules and sequences with relatedness not only to other Listeria phages but also to viruses infecting other
members of the Firmicutes. In conclusion, our results yield insights into the composition and diversity of
Listeria phages and provide new information on their function, genome adaptation, and evolution.

The opportunistic pathogen Listeria monocytogenes is ubiq-
uitous in nature and can become endemic in food processing
environments, causing contamination of dairy products, meats,
vegetables, and processed ready-to-eat food (14). L. monocy-
togenes is the causative agent of epidemic and sporadic listeri-
osis. The risk of infection is markedly increased among immu-
nocompromised patients, newborns, pregnant women, and the
elderly and is associated with a mortality rate of about 20 to
30% (37).

Although all strains of L. monocytogenes are considered po-
tentially pathogenic, epidemiological evidence has shown that
certain serovars are more frequently associated with both spo-
radic cases and larger food-borne outbreaks. However, genetic
variation within the virulence genes of wild-type strains ap-
pears to be limited and could not be directly linked to differ-
ences in pathogenicity (30) or environmental distribution.

It is becoming increasingly clear that bacteriophages have an
important role in bacterial biology, diversity, and evolution, as
indicated by the advances in genome sequencing which re-
vealed a high incidence of phage-related sequences in bacterial
genomes. Many phages have been described for the genus

Listeria, and lysogeny appears to be widespread (28). Avail-
ability of the genome sequences of different L. monocytogenes
and L. innocua strains also revealed the presence of several
different putative prophages in the genomes of these bacteria,
constituting up to 7% of the coding capacities of the genomes
(15, 32). Although the genomes of L. monocytogenes were
found to be essentially syntenic, a significant portion of se-
quence variability is apparently based upon phage insertions
and subsequent rearrangements. Investigations of prophage
contributions to population dynamics in Salmonella suggest
that prophages can improve the competitive fitness of the ly-
sogenized host strains (5). This type of selective pressure also
results in diversification and generation of new strains by lyso-
genic conversion. In the case of Listeria, however, the potential
influence of prophages on their host strains, such as phenotypic
variation or provision of selective benefits, has not been inves-
tigated. To gain more insight in bacteriophage-host interac-
tions and the molecular biology and characteristics of Listeria
phages, more information on the structure, information con-
tent, and variability of different Listeria phage genomes is re-
quired.

Although a number of Listeria phages have been isolated
and described (25, 27, 42), only limited information was avail-
able at the sequence level for phages PSA, A118, A511, and
P100 (9, 19, 26, 41). As the result of a comprehensive study to
determine the diversity of this group of bacterial viruses, we
here report the complete nucleotide sequences of a represen-
tative set of six different Listeria phages from the Siphoviridae
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(A006, A500, B025, P35, and P40) and Myoviridae (B054) fam-
ilies in the order Caudovirales. In addition to molecular and in
silico analyses, we also determined the physical genome struc-
tures and attachment loci of the temperate phages, and we
describe integration of the B054 prophage into a highly con-
served elongation factor gene. Another interesting finding is
the unusual decoding used by some of the phages, which use
programmed frameshifting to generate C-terminally modified
structural proteins required for assembly of the capsid and tail.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Listeria monocytogenes strains WSLC
1001 (serovar 1/2c) and WSLC 1042 (serovar 4b) and Listeria ivanovii WSLC
3009 (serovar 5) were used for phage propagation and as lysogenization hosts.
Bacteria were cultivated at 30°C in tryptose medium supplemented with 1.25 mM
CaCl2 (Merck, Darmstadt, Germany), or in brain heart infusion medium (Bi-
olife, Milan, Italy). Escherichia coli strains DH5�MCR, XL1-Blue MRF�, and
TOP10 (Invitrogen), used in recombinant DNA work, were grown in Luria-
Bertani (LB) medium at 37°C. For selection of plasmid-bearing cells and blue-
white screening, ampicillin and X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside) were added to final concentrations of 100 �g/ml and 50 �g/ml,
respectively.

Phage propagation and purification and DNA isolation. Large-scale propaga-
tions to prepare high-titer phage stocks were performed using the agar plate
method or liquid culture method as described earlier (1, 24, 29). Infections with
P35 were performed on agar plates containing 5 mM CaCl2, and plates were
incubated at room temperature due to the temperature sensitivity of this phage
(18). The following host strains were used for phage propagation: L. monocyto-
genes 1001 for infections with A006 and P35; L. monocytogenes 1042 for A500;
and L. ivanovii 3009 for B025, B054, and P40. Briefly, phage particles were
precipitated from high-titer lysates using 10% polyethylene glycol 8000 in the
presence of 1 M NaCl and incubation at 4°C for 16 h and were purified by
centrifugation on stepped CsCl gradients (35). Genomic DNA was isolated after
treatment with proteinase K (50 �g/ml; 1 h at 50°C) and extraction with phenol,
phenol-chloroform, and chloroform using standard protocols (35).

Electron microscopy of phage particles. Electron micrographs of purified P35
and P40 particles were taken as previously described (19). P35 was negatively
stained with 2% phosphotungstic acid, and P40 was stained using 2% uranyl
acetate.

Phage induction from lysogens. Overnight cultures of the lysogens were used
to inoculate fresh cultures (1:10, vol/vol) and grown for 2 h at 30°C. Cultures
were then transferred to sterile petri dishes and UV irradiated at a wavelength
of 254 nm for 60 to 90 s, followed by 2 h of incubation at 30°C in the dark.
Bacterial cells and debris were removed by centrifugation (6,000 � g, 10 min,
4°C), and the supernatant was sterile filtered (0.22-�m pore size). Liberated
bacteriophages were enumerated by plating and plaque formation on susceptible
host strains.

Cloning, sequencing, and bioinformatic analysis. For the construction of
genomic libraries, purified DNAs (approximately 10 �g) of B054, B025, and P40
were partially digested using Tsp509I (New England Biolabs), and the DNAs of
A006, A500, and P35 were fragmented using a nebulizer (GATC Biotech, Con-
stance, Germany). Fragments of the desired size (1 to 2.5 kb) were recovered
from agarose gels, purified, and shotgun cloned into pBluescript II SK� (Strat-
agene) predigested with EcoRI or EcoRV as described earlier (26). Plasmids
were transformed into E. coli DH5�MCR or E. coli XL-1-Blue MRF�, and
plasmid-harboring cells were identified by blue-white screening. The phage DNA
inserts of all libraries were sequenced, and the sequences were edited and
aligned using the software Vector NTI Advance version 10.3 (Invitrogen) or
DNASIS Max version 2.6 (Hitachi). Gaps between the contigs were closed by
primer walking using the purified phage DNAs as templates (19). Open reading
frames (ORFs) corresponding to a minimum size of 30 amino acids were pre-
dicted with Vector NTI or Artemis (http://www.sanger.ac.uk/Software/Artemis)
using ATG, GTG, and TTG as possible start codons. The BLAST algorithms
used for sequence homology searches are available through NCBI (http://www
.ncbi.nlm.nih.gov), Vector NTI, or the HUSAR analysis package (http://genome
.dkfz-heidelberg.de). Sequence manipulations and alignments were performed
using CLC Main Workbench version 5 (CLC Bio, Aarhus, Denmark). Compar-
ative DotPlots were generated using HUSAR, with a window size of 25 and a
word size of 20.

Determination of the physical structure of phage DNA molecules. Five hun-
dred nanograms of phage DNA was used for each reaction, restriction enzymes
were used according to the manufacturer’s instructions (New England Biolabs or
Fermentas), and digests were analyzed by agarose gel electrophoresis. To test
whether single-stranded, cohesive ends (cos) were present in the phage DNA
molecule, purified DNA was digested with suitable restriction enzymes and the
reaction mixture heated to 60°C for 10 min. Immediately thereafter, fragments
were gel separated, and nonheated digests served as the control. For B025, the
sequences of the 3� and 5� overhanging single-stranded ends were determined by
using runoff sequencing primers facing toward the genome ends, as previously
described (41).

Determination of attP and attB prophage insertion sites. Lysogenization of
host strains was carried out essentially as described previously (26). Genomic
DNAs of the lysogenic strains L. monocytogenes 1001::A006, L. monocytogenes
1042:A500, L. ivanovii 3009::B025, and L. ivanovii 3009::B054 were used for
identification of the phage attachment sites via inverse PCR (33). Briefly, the attP
location was expected in a noncoding region immediately downstream of the
integrase. Restriction endonucleases with recognition sites within approximately
1 kb of the putative location were selected for treatment of the bacterial DNA,
and fragments were ligated with T4 ligase. Divergent primers binding to the
phage sequence were used for PCR amplification and sequencing of the phage-
host junction.

Peptide mass fingerprinting. Purified phage particles from the CsCl fractions
were collected by centrifugation (10°C, 2 h, 76,000 � g), resuspended in 50 to 100
�l pure water, and mixed with an equal volume of sodium dodecyl sulfate (SDS)
gel loading buffer prior to heating (95°C, 5 min). Proteins were separated on
precast, horizontal, ultrathin SDS-polyacrylamide gels (ExcelGel gradient 8 to
18% polyacrylamide gels; GE Healthcare, Germany), followed by staining with
Coomassie blue R-350 (Phastblue R; GE Healthcare). Major bands were excised
from the gel and, after tryptic in-gel digestion, analyzed by matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MS) to determine the
peptide masses of the fragments as described elsewhere (41). Data were analyzed
using Mascot (Matrix Science, London, United Kingdom) or Scaffold 2 (Pro-
teome Software Inc., Portland, OR) software. Protein domains were predicted
with InterProScan (http://www.ebi.ac.uk/InterProScan).

Nucleotide sequence accession numbers. Sequences have been deposited in
GenBank under the following accession numbers: A006, DQ003642; A500,
DQ003637; B054, DQ003640; B025, DQ003639; P35, DQ003641; and P40,
EU855793.

RESULTS

General features of Listeria phage genomes. P35 and P40
belong to a previously unknown new class of small Listeria
Siphoviridae, featuring an approximately 57-nm head diameter
and 110-nm tail length (Fig. 1, Table 1). The complete genome
sequences of six double-stranded DNA Listeria bacteriophages
were determined with approximately fourfold redundancy and
nucleotide sequences assembled and studied in silico. Of the
Siphoviridae, P40 had the smallest genome, of 35.6 kb, followed
by P35 (35.8 kb), A006 (38.1 kb), A500 (38.9 kb), and B025
(42.7 kb), whereas the genome of the temperate myovirus

FIG. 1. Electron micrographs of P35 (A) and P40 (B).
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B054 was slightly larger (48.2 kb) (Table 1). Restriction maps
predicted in silico were in agreement with patterns observed by
restriction enzyme analysis, indicating correct assembly of the
contigs (Fig. 2). The average G�C contents of 35 to 36 mol%
are comparable to those reported for A118 and PSA (26, 41)
but are slightly lower than those described for different L.
monocytogenes strains (38 to 39 mol%) and L. innocua
Clip11262 (37 mol%) (15, 32). Again, P35 and P40 are excep-
tions with average G�C contents of 40.8 mol% and 39.3
mol%, respectively.

All but one of the phages feature terminally redundant ge-
nomes, which was deduced from the restriction profiles of the
phage DNA (Fig. 2) and also agrees with a phylogenetic anal-
ysis of the large terminase amino acid sequences (see below).
Phage B025 revealed overlapping, single-stranded cohesive ge-
nome ends (cos sites), which was shown by typical breakoffs in
runoff sequencing and alteration of the restriction pattern in
restriction enzyme analysis after heat treatment of the sample
(data not shown). The precise sequence of the single-stranded
3� overhang (cos site) was confirmed by sequencing of closed,

ligated ends (5�-CGGTGTGGGG-3�). Table 1 presents a syn-
opsis of the genome features and other characteristics of all
Listeria bacteriophages studied so far (except the large myovi-
ruses P100 and A511) (9, 19).

Modular phage genomes. As expected, the numbers of genes
predicted by bioinformatics were approximately proportional
to the phage genome sizes, with P35 containing 56 putative
ORFs, the smallest number, and B054 having 80 ORFs (Table
1). Predicted ORFs having a minimum of 30 codons and pre-
ceded by a recognizable ribosome binding site with the con-
sensus sequence 5�-AGGAGGTG-3� (15) were considered po-
tential protein-coding sequences. The majority of them initiate
translation with an ATG start codon, whereas only a few ORFs
per genome feature alternative start codon GTG or TTG. In
P35, only two ORFs start with TTG, whereas in P40, TTG is
used nine times and GTG occurs four times.

In general, bioinformatics revealed an organization of the
genomes into functional modules (Fig. 3) typical for temperate
bacteriophages (26, 41). In a standardized genome map, the
left-arm, rightward-transcribed cluster represents “late genes”
coding for structural proteins, DNA packaging, and the lysis
systems. It is followed by a second cluster transcribed mostly in
the opposite direction, which encodes the lysogeny functions
(integrase, repressor, and similar) and the prophage attach-
ment and integration locus attP. The third module is again
transcribed rightwards; it comprises the “early genes” required
for the early state of phage reproduction and encodes products
for replication, recombination, and modification of the viral
DNA (Fig. 3).

P35 and P40 lack lysogeny control functions. Analyses of the
comparatively small genomes of P35 and P40 revealed not only
their relationship but also that they both lack any lysogeny-
related functions (Fig. 3; see Tables S8 and S9 in the supple-
mental material) and therefore represent true virulent (i.e.,
obligately lytic) phages. This agrees well with our finding that
P35 was unable to lysogenize its host strain and with their
rather broad host ranges: P35 can infect most Listeria serovar
1/2 strains, whereas P40 infects the majority of all tested sero-
var 4, 5, and 6 strains.

TABLE 1. General characteristics and genome features of Listeria bacteriophages

Bacteriophage Virus family
Capsid
diam
(nm)

Tail
length
(nm)

G�C
content
(mol %)

Genome
size (bp)

Genome
structurea

No. of ORFs
predicted/no.
with function

assigned

attB
integration

site
Lifestyle

Host
serovar

group(s)
Reference(s)

B054 Myoviridae 64 244 36.2 48,172 t.r., c.p. 80/17 EF-Ts Temperate 5, 6 23, 42;
this study

B025 Siphoviridae 63 252 35.1 42,653 cos 65/17 tRNAArg Temperate 5, 6 24, 42;
this study

PSA Siphoviridae 61 180 34.8 37,618 cos 57b/18 tRNAArg Temperate 4 25, 41
A500 Siphoviridae 62 274 36.7 38,867 t.r., c.p. 64/23 tRNALys Temperate 4 24, 42,;

this study
A118 Siphoviridae 61 298 36.1 40,834 t.r., c.p. 72b/27 comK Temperate 1/2 23, 26, 42
A006 Siphoviridae 62 280 35.5 38,124 t.r., c.p. 62/19 tRNAArg Temperate 1/2 23, 42;

this study
P35 Siphoviridae 58 110 40.8 35,822 t.r., c.p. 56/13 Virulent

(strictly lytic)
1/2 18;

this study
P40 Siphoviridae 56 108 39.3 35,638 t.r., c.p. 62/12 Virulent

(strictly lytic)
1/2, 4, 5, 6 This study

a t.r., c.p., terminally redundant, circularly permuted; cos, complementary single-stranded overlapping (cohesive) ends.
b Predicted ORFs include those resulting from programmed translational frameshifts.

FIG. 2. Restriction profiles of phage DNA molecules correlate with
sequence assemblies and correspond to the proposed genome struc-
tures. Lanes: M, � HindIII marker; A, ClaI; B, BglII; C, PstI; D, ClaI;
E, ClaI; F, BspTI; G, EcoRV; H, PvuII; I, BamHI; K, SphI; L, BspHI;
N, PacI.
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Another unusual observation unique among the Listeria
phages was that the genes encoding the putative holin and the
endolysin (experimentally confirmed [M. Schmelcher et al.,
unpublished data]) in the P35 and P40 genomes appear to be
separated by several other small ORFs with yet-unknown func-
tions.

Comparative genome and sequence analysis shows extensive
mosaicism. Peptide sequences deduced from putative ORFs
were screened for similarities with proteins from the databases
using the BlastP algorithm (2). The basic characteristics of the
predicted gene products, significant database matches, and
preliminary functional assignments are summarized in Tables
S4 to S9 in the supplemental material. In general, a large
proportion of the predicted gene products show no obvious
biological function, but the majority of them at least revealed
homologies to proteins from the databases.

The genomes of A006 and A500 revealed an overall relat-
edness to Listeria phage A118, the first published Listeria
phage sequence (26). However, the regions of homology com-
prise different parts of the genomes (Fig. 3). The early gene
modules are almost identical in A006 and A118, whereas there
are only two structural (late) gene products with significant
similarity. The other gene products primarily resemble pro-

teins of prophage-like sequences identified in the genomes of
L. monocytogenes (strains H7858, F6854, and EGDe) and L.
innocua Clip11262 (15, 32). In contrast, A500 and A118 show
high similarity among the structural genes (Fig. 3).

Interestingly, B054 late genes showed significant homology
to proteins encoded by Enterococcus faecalis V583 (34), with
amino acid identities of up to 57% (see Table S7 in the sup-
plemental material).

Most of the predicted gene products of B054, especially the
structural components, show high similarity/identity scores to
phage-like sequences which have been identified in the ge-
nome of L. innocua Clip11262 (15). In preliminary experi-
ments, using PCR primers specific for the five prophage-re-
lated sequences, upon UV induction of putative prophage
(results not shown), we were able to demonstrate viability of
only one phage, corresponding to Clip11262 locus tags lin1700
to lin1765. The other four prophage-like sequences in the
genome of this strain did not respond to the UV induction and
may therefore be cryptic.

In contrast to the genomic synteny of B054 and the
Clip11262 prophage, the genome of B025 appears to be highly
mosaic. Predicted gene products revealed high protein similar-
ities to Listeria phage PSA (and to a lesser extent to A118) and

FIG. 3. Relatedness of sequenced Listeria bacteriophages on the level of gene products. Genomes are drawn to approximate scales, and
predicted ORFs are displayed as arrows, which also indicate the direction of transcription. The ORFs are numbered consecutively; the detailed
results from BLAST homology searches are listed in Tables S4 to S9 in the supplemental material. The different functional modules are shown
in different colors, and the genes encoding proteins with significant levels of identity (	25%) are connected by shaded areas. SV, serovar; aa, amino
acid.
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to L. innocua Clip11262 (locus tags lin2585 to lin2610) and
other L. monocytogenes genomes. Many of the structural com-
ponents are also related to proteins of Staphylococcus phages
77 and 3A (20).

The situation is strikingly different for the novel virulent
phages P35 and P40. Approximately half of their sequences
revealed no significant match to known database entries, and
the other gene products revealed weak similarities mostly to E.
faecalis phage V583 (34) but also to Clostridium thermocellum,
Oenococcus oeni, and Leuconostoc mesenteroides phages. Only
two gene products of P35, one of which is the phage endolysin,
showed weak similarities to proteins of L. innocua Clip11262.

Pairwise alignments of the phage proteomes (Fig. 3) indi-
cated the best matches between P35 and P40 (26 common gene
products with 35 to 61% sequence identity) and between A006
and A500 (15 gene products with 35 to 98% identity). The
proteins of the latter two phages represent homologues of
A118 and are encoded predominantly by the module of “early”
genes. Similarly, homologies between B025 and A006 are re-
stricted to 10 proteins (30 to 100% identity), which are also
found in A118, PSA, and Clip11262 prophages.

Such “indirect linkage” or “secondary homology” is common
among the Listeria phages investigated. Overarching similari-
ties between A006, A500, B025, and B054 can be observed
among gene products with homology to L. innocua and L.
monocytogenes prophages and to Listeria phages A118 and
PSA. The main capsid protein gp6 of P35 and P40, the termi-
nase gp2 of P40, and the endolysin gp28 of P35 weakly resem-
ble those of A006 and A500.

In conclusion, A006, A118, and A500 form one more closely
related group, while PSA and B025 are contained in a separate
cluster. These two groups are linked to each other by a few
homologous sequences among the late genes. Phages P35 and
P40 are clearly different from the above and form a group of
their own. This is also evident from a rooted phylogenetic tree
based on whole-genome alignments (Fig. 4A), which clearly
shows P35 and P40 clustering in a separate branch of the tree,

whereas A500, A006, and A118 as well as B025 and PSA seem
to belong to the same subgroup. In addition, nucleotide se-
quence-based DotPlot analyses (see Fig. S1 in the supplemen-
tal material) also underline the close relationships between
A500 and A118 (see Fig. S1B in the supplemental material)
over the full sequence and between B025 and PSA (see Fig.
S1D in the supplemental material) and A006 and A118 (see
Fig. S1A in the supplemental material) among late genes and
indicate a more distant relationship between A006 and A500
(see Fig. S1C in the supplemental material). The same results
are obtained by a phylogenetic tree analysis based on a Muscle
alignment (13) of the large terminase amino acid sequences of
the available Listeria phages (Fig. 4B). Again, the relationships
between P35 and P40, A500 and A118, and PSA and B025 are
evident. Interestingly, the large terminase sequences reliably
indicate not only the packaging strategy of the terminase ho-
loenzyme (10) but also the physical structure of the phage
DNA molecule, and the results confirm the DNA packaging
mode assumed for the Listeria phages investigated here. The
large SPO1-like phage A511 forms a distant branch of the tree,
in line with its packaging strategy, which is completely different
from that of the other Listeria phages (19).

Identification of attP/attB sites. The phage attachment and
integration sites (attP) are located mostly in the short inter-
genic noncoding regions upstream of the integrase int genes
and were identified using PCR-based approaches (41). Phages
A006, B025, and B054 revealed integration sites with core
sequences of similar length (16 and 17 nucleotides, respec-
tively), whereas the region of homology between attP of A500
and attB of its L. monocytogenes host extends over 45 bp (Fig.
5). Three of the four phages integrate into the 3� ends of
single-copy tRNA genes. Interestingly, the attP sites of B025
and PSA (21) are identical, the predicted integrases of both
phages show 95% amino acid identity, and both prophages
occupy an identical tRNAArg locus in the genomes of their
different L. innocua and L. monocytogenes (21) hosts. In con-
trast, B054 was found to integrate into the 3� end of tsf

FIG. 4. (A) Phylogenetic tree constructed on the basis of the complete phage genome sequences using ClustalW alignment of phage genomes
and the unweighted pair group method with arithmetic mean (36) with bootstrap analysis (1,000 replicates). (B) Phylogenetic tree constructed
using the neighbor-joining method and bootstrap analysis (1,000 replicates) of a Muscle (13) alignment of large terminase amino acid sequences.
cos, cohesive genome ends; cp, tr, circularly permuted, terminally redundant genome ends.
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(lin1766; nucleotide positions 1763134 to 1762250 of the L.
innocua Clip11262 genome) and maintains its functionality by
reconstitution of the terminal six codons including the stop
codon by phage sequence. This gene encodes the translation
elongation factor EF-Ts and represents a novel and unique
phage integration locus not previously reported.

Programmed translational frameshifting. Protein profiles of
the structural components were mapped by SDS-polyacrylam-
ide gel electrophoresis (Fig. 6), and the identity of individual
protein species was analyzed by peptide mass fingerprinting.
The most prominent bands generally represent major head
(Cps) and major tail (Tsh) protein. In several cases, how-
ever, these proteins could be identified in more than a single
band, which could suggest posttranslational processing of
the polypeptides.

In A500, both the major capsid protein (Cps) and the major
tail protein (Tsh) are represented by two proteins of different

size (Fig. 6). A similar situation was found in phage A118 (26,
42). Bioinformatic analysis indicated that in both phages both
major protein types are made using programmed translational
(ribosomal) frameshifts (�1 in Cps and �1 in Tsh) at the 3�
ends of the implicated genes, which results in the synthesis of
a normal-length and a larger polypeptide species (41). The in
silico-calculated molecular masses of Cps-L and Tsh-L nicely
corresponded to the observed band sizes (Fig. 6) (26, 42). This
situation could then be confirmed by peptide mass fingerprint-
ing. Tandem MS (matrix-assisted laser desorption ionization
MS/MS and electrospray ionization MS/MS) allowed identifi-
cation of the exact amino acid sequences of several of the
tryptic fragments from Tsh-L and Cps-L of both phages (see
Tables S2 and S3 in the supplemental material) and yielded
peptides and sequences corresponding to products predicted
from �1 or �1 frameshifts (see Tables S2 and S3 in the
supplemental material). This enabled us to determine the pre-

FIG. 5. Integration sites of four temperate Listeria phages. The nucleotide sequences of the phage attachment sites (attP), the corresponding
bacterial attachment sites (attB) in lysogenized host strains, and the corresponding sequences retrieved from sequenced Listeria genomes are
aligned. The core sequences of the attachment sites are indicated with light gray boxes. The genome positions (nucleotide coordinates) of the
displayed fragment are indicated on the right. The attachment sites of phages A500, A006, and B025 are all located at the 3� ends of tRNA genes,
shown in panels A, B, and C (underlined). The predicted cloverleaf structures of the tRNAs encoded by attB site genes are shown in panels E
(A500), F (A006), and G (B025). The anticodons are circled, and attP/attB core sequences are indicated by dotted lines. Phage B054 (D) integrates
into the 3� end of translation elongation factor gene tsf (dashed line).
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cise location and mode of the frameshift (Fig. 7). In both cases,
the cps frameshift occurs at a locus close to the 3� end of the
transcripts, at the mRNA sequence GCG�GGA�AAC. When it
reaches the GGA (glycine) codon, the ribosome apparently
slips backwards one nucleotide in the 5� direction and contin-
ues from the overlapping glycine codon GGG in the �1 frame
until it reaches the stop codons at positions 6238 in A118 and
6215 in A500. Thus, in both phages, Cps-L contains 53 extra
C-terminal amino acids from the alternate reading frame.

With respect to the tsh mRNA, a slippery sequence, AAA�
CCC�UGA, is located at the 3� end of the gene. In contrast to
the �1 frameshift in cps, the ribosome here slips one nucleo-
tide position forward toward the 3� end and continues trans-
lation in the �1 frame ending at positions 8440 (A118) and
8420 (A500). As a result of the alternative decoding, the longer
Tsh-L species both have an additional 87 C-terminal amino
acids.

DISCUSSION

Genome sequencing and computational analysis of six Lis-
teria bacteriophages revealed basic and important information
about the DNA structure, genome organization and layout,
phage relatedness, and phage attachment and host insertion
sites. Integration of the viral DNA into the host chromosome
by site-specific recombination is essential for propagation of
the prophage. A006, A500, and B025 integrate into their hosts
at the 3� ends of tRNA genes, which are single-copy genes for
specific codons in each case, indicating that they have to be
reconstituted to keep them functional. Integration close to the
3� ends of tRNA genes also has been shown for P4-related
phages, whereas others, such as the lambdoid P22, integrate
into the anticodon loop (8). The bacterial attachment site of
B054 is located at the 3� end of tsf, a translation elongation
factor gene (15). Surprisingly, the attachment sites of B025

(which infects Listeria innocua only) and PSA (which infects
Listeria monocytogenes serovar 4b only) (21) were found to be
identical. This correlates well with the overall relatedness of
the phage genomes (Fig. 3) and the physical structures of their
DNA molecules, featuring overlapping, single-stranded, and
cohesive ends. The observation that Listeria phages with a
nonoverlapping host range show such a close relationship sug-
gest coevolution and adaptation of ancestral phages and bac-
teria along the divergent development of the two species and
along the existing genetic lineages (12, 31, 38).

Site-specific recombination between attB and attP is medi-
ated by the phage integrases, which can be grouped into two
major families, the tyrosine recombinases and the serine re-
combinases (16). InterProScan analyses indicated that the Lis-
teria phage integrases are mostly members of the first family,
which utilize a catalytic tyrosine residue to mediate strand
cleavage and tend to recognize longer attP sequences. These
integrases have similarity to XerC and XerD, tyrosine recom-
binases that can recognize simple identical sequences of 
50
bp. In contrast, A118 features a serine integrase, which can
recognize very short regions of identity (26).

We have shown programmed ribosomal frameshifting to
occur in A500 and A118 decoding. Both phages utilize �1 as
well as �1 programmed translational frameshifting for gener-
ation of Cps and Tsh proteins with C termini of different
lengths (see Tables S2 and S3 in the supplemental material).
Similar to the situation in phage PSA (41), A118 and A500
feature a capsid structure with an assumed T � 7 triangulation
number (11). Such capsids contain pentameric and hexameric
protein ring-shaped capsomeres (39). The proportions of Cps
and Cps-L could be explained by the ratio of these subunits
required for building the capsid structures (41), and a similar
situation can be assumed for A500 and A118. Frameshifts
within Tsh are assumed to play a role in correct assembly of the
tail, as was demonstrated for B. subtilis phage SPP1 (3). In

FIG. 6. Listeria phage structural proteomes and peptide fingerprint identification of protein bands by mass spectrometry. Identified phage
proteins are indicated. SDS-polyacrylamide gel electrophoresis molecular mass marker sizes are indicated in kDa. Abbreviations: cps, major capsid
protein; tsh, tail sheath protein; tmp, tape measure protein; gp, gene product. Detailed information on these and other gene products is listed in
Tables S4 to S9 in the supplemental material.
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FIG. 7. Programmed translational frameshifts near the 3� ends of the genes result in synthesis of two different-length products for Cps and Tsh
major structural proteins in the two Listeria phages A118 and A500. (A) The �1 frameshift in cps of A118, leading to an extended version of the
Cps. (B) The �1 frameshift in the sequence coding for the Tsh of phage A118. (C and D) Similar to A118, the Cps-L product of phage A500 is
made as the result of a �1 frameshift, whereas the Tsh-L of phage A500 is produced through a �1 decoding event.
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bacteriophage �, a frameshift controls the production of gpG
and gpGT, which are also involved in tail assembly (22). Ac-
cordingly, variable decoding achieved through translational
frameshifting seems to be important for the biological func-
tion, since they are widespread among phages and are highly
conserved (4, 40).

The overall genome organization into defined functional
modules appears to be conserved among the temperate Listeria
phages and nicely matches the findings for PSA and A118 (26,
41) (Fig. 3). Similar genomic arrangements have also been
established for other phages infecting the Firmicutes (7). A
representative example for the frequently observed mosaicism
within single gene products is the endolysin (Ply) of B054: the
two separate functional domains of the enzyme show similarity
to PlyPSA (41) (C terminal) and Clostridium tetani (6) (N
terminal), respectively.

P35 and P40 strikingly differ in genome size and organiza-
tion compared to the other siphoviruses investigated here, due
to the complete absence of a lysogeny module, including the
attachment site and all functions required for establishment
and maintenance of lysogeny. Therefore, both P35 and P40
have a virulent (i.e., obligately lytic) lifestyle. This finding also
explains why our previous attempts to use P35 for lysogeniza-
tion of host cells have always failed (unpublished data). In
addition, it has been shown that transduction using P35 is an
infrequent event (18). The lack of the lysogeny control func-
tions appears to be advantageous in avoiding homoimmunity
suppression, providing a wider host range including the fre-
quent lysogens. This correlates well with the rather broad host
range of both P35 and P40 compared to other Listeria phages
of this type. On a molecular basis, P35 and P40 also reveal no
noticeable homology to the other Listeria phages and therefore
form a group of their own (Fig. 3 and 4). One possible expla-
nation would be that these phages originated from a specific
lineage in the distant evolutionary past of the Listeriaceae and,
due to their strictly virulent lifestyle, only few opportunities
exist for recombination with resident prophages or other coin-
fecting phages.

Phage B054 was classified into the Myoviridae family, featur-
ing a contractile tail. Of particular interest is the rather unusual
contraction mechanism of the tail, where along with the con-
formational change of the sheath, it retracts away from the
capsid toward the base plate, thereby exposing part of the inner
tail tube just below the neck (42). Reflecting this more complex
morphology, the B054 genome contains an extended cluster of
structural genes (Fig. 3; see Table S7 in the supplemental
material). Database searches indicated a convincing synteny
between the genomes of B054 and a prophage resident in L.
innocua Clip11262 (nucleotide positions 1715216 to 1762089)
(15). We found evidence that this prophage is the only one
inducible by UV radiation, whereas the other four prophages
in this L. innocua genome probably are nonfunctional. How-
ever, the genomes of B054 and L. innocua prophage 7/12 are
not identical; 34 putative gene products of B054 show se-
quence homology to another prophage of L. innocua
Clip11262, contained in segment 6/12 (nucleotide positions
1248769 to 1294845).

B025 features single-stranded 3� overhangs of 10 nucleotides
length, which corresponds nicely with cluster alignment of
large terminase subunit sequences (Fig. 4B) and also correlates

nicely with the mode of DNA packaging in phages (10). About
half of the gene products of B025 revealed similarity to prod-
ucts of the other cos end phage PSA; most of them are located
in the lysogeny control region and the early genes, encoding
the elements required for genome replication (Fig. 3).

Overall, the B025 genome is strikingly mosaic, featuring
patches of homology to A118, PSA, B054, L. innocua genomic
prophages, and phages infecting Staphylococcus aureus and
Streptococcus pyogenes. In this respect, B025 appears to be
exemplary for the modular evolution of phage genomes, which
presumes DNA exchange between tailed phages by nonho-
mologous and homologous recombination that frequently oc-
curs among phylogenetically related local groups (17). Staph-
ylococci and listeriae are grouped in the taxon Bacillales.
However, we have to consider that, despite all recognizable
homologies, Listeria phages are strictly genus specific and the
cross-genus sequence homologies are rather low, suggesting
that any genetic exchange probably occurred in the distant
past.

Considering the information currently available, it seems to
be time to revise the previous classification system used for
Listeria phages, which was based solely on virus morphology
(42). Although a significant correlation between ultrastructure
and overall DNA homology exists, it does not always correlate
with molecular data. Although this discrepancy has been rec-
ognized earlier (27), the lack of complete sequences prevented
a better recognition of genetic relationships. However, it will
still remain a difficult task to reclassify the (many) known
Listeria phages, because not only sequence relatedness and
genome structure but also soft criteria such as morphology,
lifestyle, and host range may be taken into consideration for
the establishment of a revised (and more universal) phage
taxonomy.

In conclusion, comparative genomic analysis of Listeria
phages revealed the heavily mosaic nature of their genomes.
Such gradual relatedness is reflected by more closely related
groups such as (i) A006, A500, and A118 and (ii) B025 and
PSA. B054 seems more distant and, despite its morphology,
does not form a link to the unique A511 group of the SPO1-
like phages (9, 19). P35 and P40 are also strikingly different
and form a group of their own. The incorporation of more and
new sequence data into the classification scheme established
here will be required to close the gaps in phylogeny and pro-
vide an even better and more complete insight into the vari-
ability and evolution of Listeria phages.
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