JOURNAL OF BACTERIOLOGY, Sept. 2008, p. 5753-5765
0021-9193/08/$08.00+0  doi:10.1128/JB.00461-08

Vol. 190, No. 17

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

The Terminally Redundant, Nonpermuted Genome of Listeria

Bacteriophage A511: a Model for the SPO1-Like Myoviruses
of Gram-Positive Bacteria"f

Jochen Klumpp,' Julia Dorscht,” Rudi Lurz,> Regula Bielmann,' Matthias Wieland,'*
Markus Zimmer,' Richard Calendar,* and Martin J. Loessner'*

Institute of Food Science and Nutrition, ETH Zurich, 8092 Zurich, Switzerland"; Abteilung Mikrobiologie,
Zentralinstitut fiir Erndhrungs- und Lebensmittelforschung, Technische Universitit Miinchen,
85350 Freising, Germany* Max-Planck Institute for Molecular Genetics, 14195 Berlin,
Germany®; and Department of Molecular and Cell Biology, University of California,

Berkeley, California 94720-3202*

Received 4 April 2008/Accepted 9 June 2008

Only little information on a particular class of myoviruses, the SPO1-like bacteriophages infecting low-
G+C-content, gram-positive host bacteria (Firmicutes), is available. We present the genome analysis and
molecular characterization of the large, virulent, broad-host-range Listeria phage A511. A511 contains a unit
(informational) genome of 134,494 bp, encompassing 190 putative open reading frames (ORFs) and 16 tRNA
genes, organized in a modular fashion common among the Caudovirales. Electron microscopy, enzymatic
fragmentation analyses, and sequencing revealed that the A511 DNA molecule contains linear terminal repeats
of a total of 3,125 bp, encompassing nine small putative ORFs. This particular genome structure explains why
AS511 is unable to perform general transduction. A511 features significant sequence homologies to Listeria
phage P100 and other morphologically related phages infecting Firmicutes such as Staphylococcus phage K and
Lactobacillus phage LP65. Equivalent but more-extensive terminal repeats also exist in phages P100 (~6 kb)
and K (~20 kb). High-resolution electron microscopy revealed, for the first time, the presence of long tail fibers
organized in a sixfold symmetry in these viruses. Mass spectrometry-based peptide fingerprinting permitted
assignment of individual proteins to A511 structural components. On the basis of the data available for A511
and relatives, we propose that SPO1-like myoviruses are characterized by (i) their infection of gram-positive,
low-G +C-content bacteria; (ii) a wide host range within the host bacterial genus and a strictly virulent lifestyle;
(iii) similar morphology, sequence relatedness, and collinearity of the phage genome organization; and (iv)

large double-stranded DNA genomes featuring nonpermuted terminal repeats of various sizes.

Listeria monocytogenes is a gram-positive, opportunistic
pathogen that can cause a wide spectrum of diseases, such as
meningitis, septicemia, abortion, and gastroenteritis, associ-
ated with mortality rates as high as 25 to 30% (17, 62). Listeria
bacteria are ubiquitously found in nature and can enter the
food chain at many points (26, 66). They are able to proliferate
over a wide range of external conditions, including low tem-
peratures and high salt concentrations, thus posing severe
problems to the food industry (2, 22, 15, 48).

Almost all of the Listeria bacteriophages described to date
are temperate (38); only very little is known about virulent
phages infecting this host. Listeria phages are valuable sources
of biological information and useful tools for the study, differ-
entiation, manipulation, and control of these bacteria (6, 33,
41). Phage A511 and some of its components have been par-
ticularly useful in phage typing schemes (35, 61), as reporter
phage (39), with respect to their endolysins (16), and also for
the control of Listeria contamination of foods (7; S. Guenther,
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D. Huwyler, S. Richard, and M. J. Loessner, submitted for
publication). In contrast to temperate Listeria phages Al18
and PSA (36, 71), A511 is a virulent (i.e., strictly lytic) phage,
unable to integrate itself into the bacterial chromosome. The
virus features a nonflexible, contractile tail and an isometric
capsid and belongs to the Al morphological group of the
Myoviridae (72) within the order Caudovirales. Of particular
interest is its extremely broad host range within the Listeria
genus; it can infect approximately 95% of the common L.
monocytogenes strains of serovars 1/2 and 4 (35, 61) and 100%
of L. ivanovii strains tested (unpublished results). Thus, A511
is an ideal candidate for reporter phage construction for rapid
detection of viable host bacteria in food samples (39). In agree-
ment with the species- and serovar-independent host range was
the finding that A511 probably uses conserved peptidoglycan
structures as primary recognition molecules, possibly in con-
junction with other, non-serovar-specific cell surface carbohy-
drates (67).

Based on morphology and host bacteria, A511 belongs to the
group of SPO1-like phages proposed recently (9), the proto-
type of which is Bacillus subtilis phage SPO1. This phage and its
close relative SP82 have been extensively studied, with respect
to life cycle (65, 68), mode of DNA replication and transcrip-
tion (11, 18, 49), and genome organization (12, 19, 23, 31, 53,
57). Common aspects of the SPO1-like phages (9) are that they
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infect low-G+C-content, gram-positive hosts (Firmicutes),
have a strictly lytic (virulent) lifestyle, have similar morpholo-
gies, and have relatively large genomes with some sequence
similarity.

Although AS511 and the related Listeria phage P100 are
useful tools for detection and control of Listeria, very little is
known on the molecular level. Only a small portion of the
A511 genome, namely, the lysis genes (42) and a late gene
region specifying the major capsid and tail components (40),
has previously been sequenced. Therefore, the aim of this
study was to determine the complete genome sequence of
AS5S11 and analyze the genome structure and encoded gene
products. We also wanted to compare A511 to P100 and other
SPO1-like phages, such as Staphylococcus phage K (47) and
Lactobacillus phage LP65 (9). We found that A511 has a ge-
nome of 137.6 kb in physical size, which features large, invari-
able terminal repeats of 3.1 bp, and that this genome structure
is shared by phages P100 and K (featuring terminal repeats of
6 kb and 20 kb) and probably also the other members of this
group, such as LP65, Twort, SPO1, bEF24C (60), and others.
We conclude that A511 represents a good model for the mor-
phology and genome structure of the SPO1-like phages.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study
were Listeria ivanovii WSLC 3009, Escherichia coli XL1-Blue MRF’ (Stratagene,
La Jolla, CA), E. coli DH5aMRC (Invitrogen, Basel, Switzerland), and Staphy-
lococcus aureus strain PSK (ATCC 19685). Bacteria were grown at 30°C or 37°C
under constant agitation in brain heart infusion (Difco, Detroit, MI) (for Listeria
and Staphylococcus) or Luria-Bertani broth (Oxoid, Hampshire, United King-
dom) (for E. coli).

Phage DNA isolation. Phages were propagated in liquid cultures and purified
by polyethylene glycol precipitation and CsCl gradient centrifugation as de-
scribed previously (40, 52). For DNA extraction, phages were dialyzed twice for
2 h against a 1,000-fold excess of SM buffer (52) at 4°C. DNA extraction was
performed as described elsewhere (40), using proteinase K and EDTA, followed
by extraction with phenol, phenol-chloroform, and chloroform, followed by eth-
anol precipitation. DNA was dissolved in Tris-EDTA buffer. All samples were
tested for their suitability for subsequent restriction by digestion with EcoRI
(Fermentas, St. Leon-Rot, Germany).

Restriction analysis. Restriction enzymes have been used according to the
manufacturer’s instructions (New England Biolabs or Fermentas). Five hundred
nanograms of phage DNA was used for each reaction. Digests were analyzed
electrophoretically as described below. For the extraction of A511 DNA frag-
ments from gels, approximately 150 wg of DNA was digested with Swal (Fer-
mentas), electrophoresed (UltraPure low-melting-point agarose; Invitrogen),
and stained with ethidium bromide. Bands corresponding to the desired frag-
ments were recovered, and DNA was extracted from the agarose by using a gel
extraction kit (Qiagen, Hilden, Germany).

Bal 31 nuclease treatment. A total of 40 ug of A511 DNA was digested with
Bal 31 (0.5 units per ng) (New England Biolabs) at 30°C. Samples were removed
immediately before and 5, 10, 20, 40, and 60 min after the addition of the
enzyme. All samples were purified by phenol-chloroform extraction and ethanol
precipitation as described elsewhere (52).

Electrophoresis. Conventional agarose gel electrophoresis was performed with
a GNA200 horizontal electrophoresis apparatus (GE Healthcare) at 5 V/cm in
1X Tris-acetate-EDTA buffer. Pulsed-field gel electrophoresis (PFGE) was per-
formed with 0.5X Tris-borate-EDTA as the running buffer (CHEF DR III;
Bio-Rad). The following protocols were used depending on the desired gel
resolution. (i) For the separation of DNA fragments 1 to 40 kb in size, a 0.9%
agarose gel (Megabase agarose; Bio-Rad) was used with an initial switch time of
0.5 s and a final switch time of 1.7 s at 8 V/cm, at an angle of 120 degrees and
14°C buffer temperature. Run time was 4.5 h. (ii) For the electrophoresis run
shown in Fig. 6B, the following settings were used: 1.2% agarose gel, an initial
switch time of 1 s, a final switch time of 6 s at 5 V/cm, an angle of 120 degrees,
14°C buffer temperature, and 16-h run time. (iii) For the separation of full-length
phage genomic DNA (see Fig. 2A), 1% agarose was used, with an initial switch
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time of 1 s, a final switch time of 25 s at 6 V/cm, an angle of 120 degrees, 14°C
buffer temperature, and 21-h run time. For DNA size standards, we used a 1-kb
DNA ladder (Fermentas), Lambda Mix 19 (Fermentas), and MidRange I PFG
marker (New England Biolabs).

Genome sequencing. For the preparation of phage DNA libraries, purified
A511 DNA was fragmented by using a nebulizer (GATC Biotech, Constance,
Germany). Fragments of the desired length were recovered from agarose gels
and ligated into EcoRV-digested pBluescript IT SK(—) (Stratagene). Ligation
products were transformed into E. coli DH5aMRC via electroporation. Blue-
white screening on X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)-
containing plates was used to identify plasmid-bearing clones. The inserts of
isolated plasmids were sequenced, using M13 forward and M13 reverse primers.
Obtained nucleotide sequences were edited and aligned using Vector NTI Ad-
vance version 10.3 (Invitrogen) and DNASIS MAX version 2.6 (Miraibio, San
Francisco, CA) software. Gaps between remaining contigs were closed by a
primer walking strategy using purified genomic DNA as the template. Primers
were derived from the contig sequences as they became available (13). Sequences
with insufficient redundancy (<3-fold coverage) or sequences containing ambi-
guities were verified by primer walking with appropriately designed primers or by
sequencing PCR amplification products encompassing the region of interest.

PCRs were performed using Tag polymerase (Fermentas) by using the follow-
ing temperature profiles: 2 min initial denaturation at 95°C followed by 30 cycles
at 95°C for 15 s, 60°C for 35 s, and 72°C for 3 min, followed by a final elongation
step at 72°C for 8 min. PCR products were purified (GenElute PCR cleanup kit;
Sigma) and sequenced. The specific genome end fragments purified from Swal
digests were used as templates for direct runoff sequencing of termini. All
primers used are listed in Table 1.

Electron microscopy. Phages were negatively stained with 2% uranyl acetate,
2% Na-phosphotungstic acid, or 2% ammonium molybdate (56). The samples
were observed in a Philips CM100 (100-kV acceleration voltage; FEI Company,
Hillsboro, OR) equipped with a TVIPS Fastscan charge-coupled-device camera
(Tietz Systems, Gauting, Germany) or in a Tecnai G? Spirit instrument (at 120
kV) equipped with an Eagle charge-coupled-device camera (FEI Company).

For electron microscopy of phage DNA, samples were prepared by use of the
microdiffusion technique (32) or by being spread over a water surface with
formamide and carbonate buffer as described earlier (55). For length measure-
ment, the DNA was photographed on 35-mm film and traced using a LM4
length-measuring device (Briihl, Nirnberg, Germany).

Mass spectrometry and peptide mass fingerprinting. Phage proteins were
separated by horizontal sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) on gradient gels (ExcelGel SDS gradient, 8 to 18%; GE Health-
care, Germany) as previously described (37, 72). For a molecular size marker, we
used Dalton Mark VII-L (Sigma). Gels were stained with a colloidal Coomassie
dye (PhastBlue R; GE Healthcare). Protein bands were excised from the SDS-
PAGE gels and digested with trypsin, and eluted supernatants containing the
peptide fragments were pooled and vacuum dried as described earlier (71).
Peptides were dissolved in 5% formic acid, and matrix-assisted laser desorption
ionization-mass spectrometry using a Bruker Reflex III time of flight mass
spectrometer with a nitrogen UV laser and dual-channel plate detector (Bruker
Daltonic, Bremen, Germany) was performed as previously described (71). An
acceleration voltage of 20 kV was used, and the detector was adjusted to 1.7 kV.

Bioinformatics. Nucleotide and amino acid sequence analyses and interpretation
were performed using Vector NTI Advance (Invitrogen) and DNASIS MAX (Mi-
raibio). Pairwise sequence alignments were done using the BLASTn, BLASTp, and
tBLAST programs available at the NBCI website (1) or the DNASIS built-in
BLAST engine. Multiple sequence alignments were conducted by ClustalW (DNA-
SIS or the ClustalW tool online [http://www.ebi.ac.uk/clustalw/]). tRNAs were pre-
dicted using tRNAScan SE (43). Dot plots were generated with the EMBOSS
dotpath program from the EMBOSS website (http:/www.ch.embnet.org/EMBOSS)
by using a word size of 8. Promoters were predicted using the Neural Network
Promoter Prediction tool of the Berkeley Drosophila Genome Project (http:/iwww
fruitfly.org/seq_tools/promoter.html) or the HUSAR bioinformatics suite, available
at the German Cancer Research Center website (http:/genome.dkfz-heidelberg
.de/). Prokaryotic factor-independent RNA polymerase terminator prediction was
performed according to the method of Brendel and Trifonov (3) by using the
HUSAR bioinformatics suite or by hairpin loop analysis (DNASIS).

Nucleotide seq e accession bers. The A511 sequence was deposited in
GenBank under accession number DQ003638. Sequences of P100 (DQ004855),
K (AY176327), and LP65 (AY682195) were retrieved from the same source,
whereas the preliminary sequence of SPO1 was obtained from the Pittsburgh
Bacteriophage Institute (http:/pbi.bio.pitt.edu).
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TABLE 1. Oligonucleotide primers used for amplification and sequencing of the genome end fragments

Length(s) of target

Primer Sequence (5'-3)" fragment(s) (bp)”
P1 CAGGGGGTACCTTCGAGGCTAGC 5,321 and 8,803
P8 _comp GGTAATTATCCCCACAACCCCGC 5,321 and 8,803
P2inv CGGGTGTTTACAAGGTTATTGGTGTG 5,321
P3 ACGCACGTAGATACTTGTCATCATCG 5,321 and 8,803
P8inv GCGGGGTTGTGGGGATAATTACC 5,321
P3inv CGATGATGACAAGTATCTACGTGCGT 5,321
P4b GCATATCCATGGTCTGCCTC 5,321
P11_comp CCACCTACAATACCTGCCGATTCC 5,321
P10inv GAGGTGACTCGGCGGAGTCTGC 5,321
PO CAGGGGGTACCTTCGAGGCTAGC 8,803
P28c_P25_int CTGAAAACAAAAATTACGAGTTAGG 8,803
P28c_P25_int_rev ATCCTCATCCTTGTGTTCTCC 8,803
P29c_P23_int GAGTTAAGAAAAAAAAACTAGGAGCG 8,803
P29c_P23_int_rev ATCGTTTTCTACTGTAGCATCCC 8,803
P22_P2_int GGGAGAAAGTTAAGCCTATGC 8,803
P22 P2 int_rev ACAGCTTGGTTGTCTATACTACC 8,803
P9_comp CCTGTGTAGTTACCTCTTCCCGC 8,803
P2 CACACCAATAACCTTGTAAACACCCG 8,803
P22 _lead GGGAAATGCAGAGGGGTGGGACAC 8,803
P31c ATCTACTATTTTTTGGACTACCTGC 8,803
P23_lead GACGGTACAGGAAACGAATATCC 8,803
P30c CGCTTGTTCGTCTTCGTAAGTACC 8,803
P24 lead GCGTGGATATTCAAATGGACATGC 8,803
P29c TGCTTATTATCTAAAGTCAACAC 8,803
P25_lead GGAAATGGAAGACTTGGCAGAGG 8,803
P28c GCGGTCTAGTTCATAGGCTAGTTCG 8,803
P26 CCTAGAAAGATTAGCGGAAGGGG 8,803
P27 GTAAGAGGAAATGCAACTACAGAGC 8,803
P_runoff5321_1 CCTTTCTTATCCTGCACTTGG 5,321
P_runoff5321 2 AGAAACTTACTATGGAACAACG 5,321
P_runoff8803_1 CGAAAACATTATGGCAAGTGTAGG 8,803
P_runoff8803_2 TGTTGTTTTCCCCTGTTAGCTCG 8,803

“ Primer sequences were deduced from core regions of Swal-containing restriction fragments.
® The column indicates whether primers were used for sequencing of the 5,321-bp Swal fragment, the 8,803-bp Swal fragment, or both fragments.

RESULTS

Morphologies of phages A511, P100, and K are highly sim-
ilar. Transmission electron micrographs of negatively stained
phages A511, P100, and K were obtained from purified phages
(Fig. 1). Based on morphologies, all three phages belong to the
SPO1-like group of the Myoviridae in the order Caudovirales;
they feature a long, contractile, nonflexible tail and an isomet-
ric head. Virtually no morphological differences among the
three phages A511, P100, and K were observed. The dimen-
sions for phage K appeared to be slightly larger than those
reported earlier (head diameter [flat-flat] = 93.83 nm [stan-
dard deviation {SD} = 4.02 nm; n = 20]; tail length = 218.92
nm [SD = 7.96 nm; n = 20]; tail diameter = 20.07 nm [SD =
2.24 nm; n = 20]). This may be due to variations in the negative
staining techniques used (51). AS11 is slightly smaller and
features a head diameter of 87.36 nm (SD = 3.65 nm; n = 20),
tail length of 199.44 nm (SD = 4.2 nm; n = 15), and tail
diameter of 20.37 nm (SD = 2.17 nm; n = 20), confirming
previous data (72). Phage P100 is virtually identical in its di-
mensions to A511 (head diameter = 89.55 nm [SD = 2.37 nm;
n = 15]; tail length = 198.24 nm [SD = 5.48 nm; n = 15]; tail
diameter = 19.0 nm [SD = 0.78 nm; n = 15]).

For the first time, we are able to document the presence of
long tail fibers with a sixfold symmetry attached to the base
plate regions of A511, P100, and K (Fig. 1). These whiskers are
distinct from the short tail spikes present on the lower side of

the base plate structure, which are best visible in images of
contracted phage tails (e.g., Fig. 1D), and also exhibit a sixfold
symmetry. Interestingly, the base plates of all three phages
seem to undergo quite dramatic conformational changes dur-
ing tail contraction, allowing better visualization of its structure
and components (Fig. 1A, C, D, and F). As a result of con-
traction triggering, the base plate moves upwards and the tail
tube is exposed and extends beneath the base plate and tail
sheath. Similar observations have been made for another
SPO1-like phage, LP65 of Lactobacillus (9), which also appears
to resembles A511 in morphology and approximate dimen-
sions. Via the tips of exposed tail tubes in the contracted
state, virions frequently adhere to some unstructured mate-
rial, probably representing cell wall debris from lysed host
cells (Fig. 1F).

The A511 genome features nonpermuted, redundant ends. A
total of 574 individual sequences were obtained by using the
shotgun approach, and remaining gaps in the contigs were
closed by primer walking directly on the phage DNA. Both
strands were sequenced at least twice, and an approximately
fourfold overall coverage was sufficient to precisely assemble
the phage genome. The 134,494-bp informational genome (see
below) has a G+C content of 36.1 mol%, which agrees well
with values for other Listeria phages (36, 71) and the host
bacterium (5, 17, 46).

We were surprised to find that experimentally obtained re-
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striction enzyme fragment patterns were not in agreement with
those predicted from the sequence (Fig. 2B). In most cases,
one predicted fragment was missing or the fragment was sig-
nificantly shorter than calculated. At the same time, one or two
unexpected (additional) fragments appeared. For example,
Clal and EcoRI digestion yielded additional fragments of
7,000 bp and 12,000 bp, respectively. Digestion with Swal re-
vealed that a 10,999-bp fragment was missing, but two others of
approximately 5,300 bp and 8,800 bp appeared (the approxi-
mately 9-kb band in Fig. 2B is a double band). In all cases, the
addition of the individual fragment sizes indicated a genome
length of more than the obtained 134.5-kb unit sequence.
Heat treatment of the DNA fragments before electrophore-
sis did not alter the fragment patterns (data not shown), ex-
cluding the possibility of single-stranded, overlapping, and co-
hesive genome ends. Physical analysis by partial denaturation
spreading of A5S11 DNA followed by electron microscopy sug-
gested that the AS11 DNA is not permuted and all molecules
are identical in size and feature identical ends (results not
shown). The size of A511 DNA measured on transmission
electron micrographs was 137.8 + 2.9 kb (n = 49), which is
significant and indicated a redundancy of approximately 3.3 kb
(data not shown). Further evidence for a larger DNA molecule
was provided by pulsed-field gel electrophoresis of full-length
A511 DNA (Fig. 2A), which clearly showed that the packaged
A511 DNA is longer than the 134-kb unit sequence. This
finding also applied to the DNA of phages P100 and K.
DNA treatment with Bal 31, an exonuclease that degrades
double-stranded linear DNA from both ends simultaneously,
and subsequent cleavage of the DNA by restriction enzymes
revealed that only two specific restriction fragments were si-
multaneously shortened over time (Fig. 2), and these frag-
ments therefore must represent the physical genome ends.
Figure 2C shows an Swal digest of Bal 31-treated DNA. The
8,803- and 5,321-bp fragments disappeared after 20 min. Fig-
ure 2D shows an Xcml digest of Bal 31-treated DNA,; it was
again obvious that two fragments disappear over time. These
fragments were not predicted by in silico analysis of the unit
genome. We concluded that A511 could not have a circularly
permuted genome, because this would result in an even, simul-
taneous degradation of all restriction fragments (36). The two
Swal restriction fragments likely representing the genome ends
(Fig. 2C) were used as templates for PCR, which was per-
formed using a set of primers designed to amplify overlapping
stretches of 500 to 1,500 nucleotides (nt) in the regions of
interest (Table 1). The sequencing of the products enabled the
determination of the core sequences of the left and right ge-
nome arms. Finally, runoff sequencing of the left and right
ends (5,321- and 8,803-bp Swal fragments, respectively) re-
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vealed the sequence of both ends and the extent of the termi-
nal redundancy of 3,125 bp. When the reassembled genome
was used for in silico restriction patterns prediction, results
were then in perfect agreement with our experimental data
(Fig. 2B).

Annotation of the A511 genome. The exact length of the
full-size DNA molecule packaged in the phage head is 137,619
bp, including the 3,125-bp terminal redundancy. The
134,494-bp unique (or unit) sequence is the designated infor-
mational genome. A total of 190 putative open reading frames
(ORFs) and a cluster of 16 tRNA genes could be identified
(see Table S1 in the supplemental material). Most ORFs fea-
ture a conserved, near-consensus ribosome binding site motif
AGGAGGTG (17, 54), located 6 to 10 bp upstream of the
translation initiation codon ATG, TTG, or GTG. The sizes of
predicted proteins ranged from 3.7 kDa (gp187) to 145.8 kDa
(gp104). However, putative functions could be assigned to only
39 of the predicted gene products (20.5%), based on BLAST
analyses and amino acid sequence similarities (see Table S1 in
the supplemental material). ORF numbering starts with bp 1 at
the left genome end (see Table S1 in the supplemental mate-
rial), and earlier designations (40, 42) were modified accord-
ingly. With the terminal redundancy, nine duplicates (orfl to
orf9) are present in addition to the 190 unique putative ORFs.
Most ORFs (149) use ATG start codons, whereas the remain-
ing 41 ORFs feature GTG or TTG codons.

Overall, the A511 genome can be structured into three
blocks featuring opposite transcription directions (orfl to
orf27, orf28 to orf69, and orf70 to orfl190) (Fig. 3). Local se-
quence alignments revealed a further subdivision of the ge-
nome into functional modules. Figure 3 shows the genomic
map of A511, aligned with those of phages K (47) and LP65
(9). The order of the genes in the early and late gene cluster
appears relatively conserved, with few insertions or deletions.
Some rearrangements among the layouts of these three phages
are obvious, especially among the lysis genes and the tRNA
gene clusters. Sequence alignments predicted that the AS511
module encoding structural proteins, phage assembly proteins,
and DNA packaging factors (late genes) is represented by
orf70 to orfl106. This region largely corresponds to the struc-
tural gene module of both LP65 and K; with sequence identi-
ties from 20 to 60% (see Table S1 in the supplemental mate-
rial). Noteworthy is the unusual (compared to those of most
other phages) location of the A511 endolysin gene, close to the
large subunit of the terminase and the portal protein.

Researchers predicted two potential promoter structures,
which face in opposite directions and feature near-consensus
—10 and —35 motifs in comparison to those of housekeeping
genes from Listeria (17), upstream of the late gene cluster

FIG. 1. Electron micrographs of A511, P100, and K. (A) Phage A511 in a native and contracted state, negatively stained with uranyl acetate.
Arrows indicate the thin, long tail fibers (whiskers) originating at the base plate. The inner tube extends approximately 70 nm beyond the
contracted outer tail shaft and base plate. (B) Close-up view of A511 base plate stained with ammonium molybdate. (C) Phage P100, in
noncontracted (left panel [ammonium molybdate]) and contracted status (right panel [stained with phosphotungstic acid]). Arrows indicate tail
fibers. In the right panel, the lighter phage capsid (left phage) is packed with DNA, whereas the darker capsid (right phage) is empty as a result
of DNA ejection. (D and E) Close-up views of P100 tail in contracted and noncontracted states (stained with phosphotungstic acid) including the
long, flexible tail fibers. (F) Phage K with uncontracted (left) and contracted tail (right), stained with ammonium molybdate. (G) Close-up view
of the K adsorption apparatus (stained with uranyl acetate) from diagonal below; the symmetrical arrangement of tail fibers is clearly visible. Bars

represent 50 nm.
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3.8 kb

FIG. 2. Enzymatic analysis of A511 genomic DNA. (A) PFGE separation of full-length phage DNAs. Lanes: a, A511; b, P100; ¢, K; d, DNA
length standard. The image has been inverted for better visualization. (B) PFGE of phage A511 DNA digested with Xcml (a), Swal (b), Clal (c),
EcoRI (d), undigested control DNA (e), and DNA length standards (f and g). (C) PFGE of Swal-digested A511 DNA after treatment with
nuclease Bal 31 for the indicated time intervals. Lanes: a, DNA length standard; b, untreated control DNA digested with Swal; ¢, A511 with Bal31
treatment for 5 min; d, A511 with Bal 31 treatment for 10 min. Restriction fragments disappearing over time are indicated by arrows. (D) PFGE
of Xcml-digested phage A511 genomic DNA after Bal 31 treatment for indicated time intervals. Lanes: a and b, DNA length standards; c,
untreated control DNA (Xcml digested); d, A511 with Bal 31 treatment for 5 min; e, A511 with Bal 31 treatment for 10 min. Arrows point to the

terminal fragments disappearing over time.

specifying structural proteins in the intergenic space between
orf69 and orf70 (genome coordinates 33,448 to 33,562).
Another cluster is formed by the genes encoding proteins
with genome replication and decoding functions (orf111 to
orfl48); it is preceded by a possible promoter 35 to 74 bp
upstream of the orfl111 start. Encoded are replisome com-
ponents, such as DNA polymerase (encoded by orfl37 and
orf138), helicase (encoded by orfl1l), primase (encoded by

orfl13 and orfl17), and a putative sigma factor (encoded
orf143). The integration host factor (gp136) is a member of the
DNA binding protein family that binds and bends DNA, and is
required in many cellular processes, including transcription,
recombination, and higher-order nucleoprotein complex as-
sembly (44). Again, significant similarities to products of K,
P100, LP65, and others were observed in this cluster (Fig. 3;
see Table S1 in the supplemental material). However, the
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FIG. 3. Alignment of genome maps of AS511, Staphylococcus phage K, and Lactobacillus phage LP65. Predicted ORFs are represented by
arrows drawn approximately to scale (in kb) and numbered consecutively. ORFs whose products show significant amino acid homologies are linked
by shading. The terminal redundancies are indicated by boxes (putative for LP65). ORFs marked with an asterisk are homologous to ORFs located
in distant regions of the genomes and could not be linked graphically (see Table S1 in the supplemental material for further details).

order of the early genes varies among these phages, and the
boundaries of this module are well defined.

Some bacterial viruses break down host nucleic acids to
generate the building blocks required for large-scale synthesis
of their own DNA. Three putative corresponding gene prod-
ucts involved in nucleotide metabolism are present in AS511
(gp123 to gp125). The genes encode the alpha and beta sub-
units of ribonucleotide reductase, an enzyme responsible for
the last step in the conversion of ribonucleosides into deoxyri-
bonucleosides (27, 58).

A total of 16 tRNA genes is found clustered within the
leftwards-oriented genes (orf28 to orf69), (Fig. 3; see Table S1
in the supplemental material). A511 uses the same tRNA spe-
cies (same anticodons) as the Listeria host, but the nucleotide
sequences of the tRNA molecules are mostly different, with the
exception of tRNAS™, Moreover, frequencies of the individual
A511 tRNA anticodons are somewhat different from those
published for its bacterial host (17), and this reflects a slightly
different codon usage. Some amino acids (e.g., Lys, Asn, Thr,
and Gln) seem to be overrepresented among A511 structural
proteins. Thus, the corresponding tRNAs may serve to avoid
bottlenecks in large-scale synthesis of structural components.
Phages K and LP65, as well as other phages of gram-positive

and gram-negative bacteria, such as T4 (45) and T5 (64), also
contain tRNA genes. However, their precise role is not clear.

Whole-genome dot plot alignments comparing A511 to
P100, K, LP65, and SPO1 are shown in Fig. 4. The extensive
collinearity of A511 to P100 (Fig. 4A) underlines the close
relationship of these phages. At the protein level, 167 pre-
dicted A511 proteins feature strong homologies (=70%
amino acid identity), whereas 23 gene products have no
counterpart in P100. All tRNA genes identified in A511 are
also present in P100. Surprisingly, A511 is also largely col-
linear to K, whereas the missing collinearity between A511
and LP65 or SPO1 suggests a major divergence in genome
evolution.

In general, A511 shows homologies only to other members
of the SPO1-like phages, whereas virtually no relatedness to
any temperate phages was found. Only eight putative proteins
have significant sequence similarity with proteins from temper-
ate phages, mainly from Listeria phages, and six of the A511
early genes feature weak to moderate homologies to phages of
enterobacteria (mainly T4 and T5). They encode proteins in-
volved in DNA modification and repair (gp106, gp111, gp113,
gpl14, and gpll5) and a putative serine-threonine phos-
phatase (gp28).
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FIG. 4. Dot plot alignment of the A511 genome and related phages. Nonredundant, full-length dot plot alignments of A511 against three other
phages were calculated using EMBOSS dotpath with a word size of 8 nt. The A511 informational genome sequence is represented by the horizontal
x axis, and the scale ranges from 0 to 135 kb. The genome sequences of P100, K, LP65, and SPO1 were permuted in order to achieve maximum
fit with the A511 genome. Therefore, the indicated genome coordinates (kb) for these phages do not correspond to the published genome
sequence. (A) A511 aligned with P100 (131,384 bp). (B) A511 compared to K (127,395 bp). (C) A511 compared to LP65 (131,522 bp). (D) A511

aligned with SPO1 (133,391 bp).

Information content of the terminal redundancy. The 3.1-kb
redundant terminal region of A511 contains nine very small
putative ORFs (42 to 95 codons) (Fig. 5) with no sequence
similarities of their putative products to any known protein
(except the P100 homologues). In silico analyses using Pfam,
Prosite, and Interpro Scan did also not reveal any specific
characteristics or allocations to protein families or possible
functions.

These nine ORFs are ordered sequentially, with compara-
tively large intergenic spaces of up to 170 bp. Surprisingly, each
gene appears to features its own promoter sequence and ribo-
some binding site motif (Table 2). While the known Listeria o®
motif (28) does not correspond to the —10 and —35 sequences
of these promoters, they feature conserved —10 and —35 mo-
tifs known to direct expression of Listeria housekeeping genes
(17) and motifs recognized by Bacillus o (29). Thus, it is
possible that their expression may be Listeria o™ dependent. A
strong, Rho-independent stem-loop transcription terminator
with a free energy of —52.8 kJ/mol is located in the space
between orf8 and orf9 (Fig. 5), which suggests that expression

of this module may be independent of expression of the re-
maining A511 genes.

Similar genome structures in other SPO1-like phages. Re-
striction patterns of P100 revealed the same differences be-
tween predicted and observed patterns (data not shown), and
Bal 31-digestion of P100 DNA also indicated a terminally
redundant, linear genome with invariable, noncohesive ends
(Fig. 6A). The physical genome size determined by PFGE was
137 kb, very similar to that of A511 (Fig. 2A). Since the unit
genome is 3.1 kb smaller than that of A511 (131,384 bp versus
134,494 bp) (7), the redundancy in P100 amounts to approxi-
mately 6 kb, more extensive than that in A511. This is also
reflected in the abrupt disruption in collinearity between A511
and P100 and suggests a locally different genome organization.

We then wanted to see whether other non-Listeria SPO1-
like phages also possess such genome structures. Staphylo-
coccus phage K (with a 127,395-bp genome) was assumed to
have a linear, nonpermuted genome without cohesive ends
(51). However, we found that the terminal redundancy of K
was quite extensive. PFGE of full-length phage DNA (Fig.
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FIG. 5. A511 genome ends and terminal redundancies. (A) Terminal runoff sequencing chromatograms of both ends of the phage genome (see
the text) are shown to the left and right of the redundancies. The drop-offs indicate the physical ends of the sequenced strand of the A511 DNA
molecule. The left-end sequence chromatogram has been inverted for reasons of clarity and shows the sequence of the complementary strand of
the DNA. (B) Detailed map of the terminal redundancy region, including orfI to orf9 and showing the location and orientation of predicted
promoter (see Table 2) and transcription terminator sequences.

2A) and Bal 31-based genome analysis (Fig. 6B) indicated a
redundant region of about 20 kb, corresponding to approx-
imately the nucleotide positions 124000 to 5000 of the cur-
rent genome map (47). This region encompasses orfl17,
orfl18, and orfl to orf7, which are unrelated to any other
genes with the exception of orf6, which encodes a putative

serine/threonine phosphatase. The likely genome ends are 485 kb
located in the region preceding the tRNA genes and struc-
. R 10kb 38.4 kb
tural component module (47). This arrangement is similar b
to what we found for A511, and it also aligns with the K 208kb et Bl 8 P g oy
genome in the region from nucleotide positions 119121 to 6 kb 23.9kb ’ Al
. . . . E | |
122530 with an overall similarity of 43.2%. 5kb 19.4k5 =N
4kb 12 kb
35kb 10 kb
TABLE 2. Putative promoters and Shine-Dalgarno sequences in 3 kb
the redundant terminal region (orfI to orf9) of A511¢ 8 kb
25Kkb
Promoter or —35 Spacer —10 Ribosome binding s
sequence type” sequence (bp)° sequence site sequence 2kb g
Consensus TTGACA 171 TATAAT AGGAGGTG _—— 5kb
P_orfl TTGACt 18 TATAAT gGGAGGTG :
P_orf2 TTGACt 28 TATAAa AGGAGGTt FIG. 6. Structure analysis of phage P100 and K genomic DNAs.
P_orf3 TTagCA 21 TATIAT AGGgGGaa (A) PFGE of Swal-digested phage P100 genomic DNA pretreated
P_orf4 cTGAgt 19 TcaAAa AGGAGGaa with Bal 31 for the indicated time intervals. Lanes: a, DNA length
P_orf5 TTagtA 22 TATtAT AGGAGtaG standard; b, untreated control DNA digested with Swal; ¢, P100
P_orf6 gGAggA 25 TtgaAAT — AtGAGGgG with Bal 31 treatment for 5 min; d, P100 with Bal 31 treatment for
P_orf7 TTACt 15 TITAAT AGGAGGTa 10 min. (B) PFGE of PfiMI-digested phage K genomic DNA pre-
P_orf8 TTGACt 28 TATAAT  AGGtGGTa treated with nuclease Bal 31 for the indicated time intervals. Lanes:
P_orf9 TTcAac 19 TATAta AGAGGgG a and b, DNA length standards; ¢, untreated control DNA digested

“ Lowercase letters in the sequence indicate variations from the consensus with PAIML d, K Wi.th Bal 31 Freatment for 5 min; e, K With. Bal 31

sequence. treatment for 10 min; f, K with Bal 31 treatment for 20 min; g, K
b Promoters are named according to the ORFs they precede. with Bal 31 treatment for 40 min. The terminal fragments disap-
¢ The lengths of the spacers between the —10 and —35 core motifs are given. pearing over time are indicated.
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FIG. 7. Structural proteins of A511. An SDS-PAGE profile representing the structural protein profile of A511 is shown on the left; masses of
the molecular size markers are indicated (in kDa). Assignment of the bands to gene products was based on matrix-assisted laser desorption
ionization—mass spectrometry peptide fingerprinting; functional assignments of proteins and their probable location in the A511 virus are indicated
on the right (the A511 image shown on the right was taken after negative staining with uranyl acetate and cropped from a scan of the original

micrograph).

A511 structural proteins. Proteins of the purified phage par-
ticles were separated by thin-layer SDS-PAGE and analyzed by
mass spectrometry. Peptide fingerprints permitted allocation of
16 proteins bands to A511 gene products (Fig. 7). Four bands
apparently contained more than one protein. Peptides corre-
sponding to the major capsid (Cps or gp86) and tail sheath (Tsh
or gp93) proteins (40) were also found in other bands of lower
mass (~45 kDa for Tsh, and ~45 kDa and ~32 kDa for Cps);
possibly due to proteolytic cleavage or degradation. Similar ob-
servations were reported for Staphylococcus phage 812 (14),
closely related to K. The AS11 portal protein (gp83), with a
predicted mass of 61.6 kDa, was also found in two bands with
significantly lower molecular masses, suggesting posttranslational
processing. An unusual finding was that bands 13 and 15 both
contain products of orf145, which is not located in the late gene
cluster but among genes specifying proteins probably involved in
DNA replication and control.

DISCUSSION

We have determined the sequence and genome structure of
the broad-host-range, virulent Listeria myovirus A511. The

nonredundant unit (informational) genome spans 134,494 bp.
Genes are arranged in two major and clearly distinct clusters,
encoding structural components and DNA replication func-
tions. Such modular genome organization is very common
among tailed phages and can be regarded as a universal par-
adigm in bacteriophage biology.

Other myoviruses of low-G+C-content host bacteria, such
as Staphylococcus aureus phage K (47), Lactobacillus plantarum
bacteriophage LP65 (9), and Enterococcus faecalis phage
GEF24C (60), infect noncompatible hosts and should therefore
be genetically isolated from each other and from AS511. There-
fore, the similarities regarding overall genome composition
and the sequence homologies found among these phages are
intriguing. Comparison of the genomic maps of A511, K, and
LP65 revealed a flexible organization comprising life cycle-
specific gene clusters of these virulent phage genomes, even
more flexible than those of the temperate phages (36, 71). For
example, cell lysis genes and tRNA gene clusters of A511, K,
and LP65 are located at completely different linear coordinates
within their genomes, highlighting the mosaicism among these
phage genomes. However, the overall conserved organizations
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in large parts of the early and late gene clusters of A511, LP65,
and K suggest a modular distribution and acquisition of these
elements during the evolution of these viruses.

The A511 phage DNA molecule features two identical
3,125-bp terminal sequences, amounting to a total unit genome
of 137,619 bp packaged into the phage capsid. The genes
located within the redundancy are the first to enter and be
expressed in the infected cell. This agrees well with the obser-
vation that they appear to be optimized for efficient early
expression in the host environment, since the transcriptional
units and individual genes feature near-consensus bacterial
promoter sequences and ribosome binding sites, respectively.
For SPOL, it has been proposed that the corresponding genes
represent a “host-takeover module” (57), which paves the way
for efficient phage replication. However, A511 gp1 to gp9 show
no homology to SPO1 products or any other known proteins,
and their precise role during the initial stages of the infection
process remains to be determined.

Phages A511, P100, and K are virtually indistinguishable by
morphology (Fig. 1), and, with respect to dimensions, mode of
tail contraction, and base plate structure, also match with LP65
(9). This underlines the relationship of SPO1-like phages with
host ranges including different bacterial genera and agrees well
with the finding that morphology correlates well with similar-
ities among the structural-component-related genes and pro-
teins. In contrast, only little similarity was seen among the
genes directing DNA replication and many other unknown
functions, which suggests a more host-specific adaptation of
these elements when we consider divergent evolution of these
viruses alongside their host bacteria. Interestingly, six of these
genes feature weak to moderate homologies to coliphages T4
and T5. Similar findings have also been reported for LP65 (9).
These genes represent the only link of A511 to phages of
gram-negative bacteria, underlining the relatively isolated po-
sition of the SPO1-like phages within the Myoviridae.

Clearly, high-frequency recombination among phages infect-
ing common hosts occupying similar ecological niches will re-
sult in a high degree of mosaicism in local phage populations.
Horizontal exchange of genetic modules of different sizes also
takes place across the entire phage population, although at a
much lower frequency (4, 20, 21). Homologous recombination
certainly plays an important role in module exchange among
viruses infecting related host bacteria. This is common in ly-
sogens, from which the incoming phage can draw from the
gene pool of prophages or cryptic phage remnants residing in
the bacterial genomes (4, 8).

The increasing numbers of the available phage sequences,
genome maps, and comparative alignments indicate that pro-
miscuous mix-and-match of genetic information is a common
feature also among virulent phages such as those in the SPO1
group, which are able to exchange genetic material only during
the first stages of the infection process. Considering that these
phages are generally able to infect only one genus of host
bacteria but mostly feature a rather broad host range within
this taxonomic group, one has to conclude that their relation-
ship is based on divergence from a common ancestor infecting
less-diversified host bacteria and/or from sporadically occur-
ring intergeneric transduction events, followed by subsequent
(illegitimate) recombination. Interestingly, A511 appears more
closely related to Staphylococcus phages than to phages infect-
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ing Bacillus; the phylogeny of the host bacteria would suggest
a different situation. However, the number of available se-
quences is much too limited for a reasonable phylogenetic
analysis.

None of the known SPO1-like phages infects bacteria from
more than one genus, although their hosts are all grouped into
the phylum Firmicutes and are therefore more or less geneti-
cally linked. This is especially true for the hosts of the phages
described in this paper, which all belong to the class Bacilli and
the orders Bacillales (Listeria, Staphylococcus, and Bacillus)
and Lactobacillales (Lactobacillus). Interestingly, it is not
known whether SPO1-like phages for other classes within this
phylum (e.g., Clostridia) exist.

It has been demonstrated that bacteriophages with circularly
permuted genomes can transduce genetic markers, whereas
phages featuring invariable genome ends do not (22, 36, 71).
The inability of A511 to transduce can now be explained by the
structure of its genome, and this explanation likely holds true
for other SPO1-like phages. Initiation of DNA packaging by
terminase is probably dependent on recognition of a specific
(yet unidentified) DNA sequence motif (pac site) (24), which
prevents accidental packaging of nonphage bacterial or plas-
mid DNA.

The presence of terminally redundant, nonpermuted ge-
nomes in myoviruses infecting gram-positive bacteria was re-
ported for Bacillus phage SPO1 (deduced from restriction
maps and DNA-DNA hybridization) (50) and supposed for
phage SP82 (10, 34, 49, 50). The similarity of Lactobacillus
phage LP65 to SPOI1-like myoviruses was mentioned previ-
ously (9), but the authors of that study did not investigate the
genome structure. We have shown that, besides that of A511,
the DNA molecules of both P100 and K have redundant end
regions. Interestingly, the extent of terminal redundancy in
these otherwise similar phages varies greatly, from 3.1 kb in
AS511 to approximately 20 kb in K. In fact, our data indicate
that this is a general feature of the SPO1-like phages. The
sequence of Enterococcus faecalis phage $EF24C has been
published very recently (60) and features significant homolo-
gies to A511 (47% overall nucleic acid identity and 64 proteins
with >33.7% identity [expectation values of <0.001]). Al-
though $EF24C was classified as being a SPO1-like phage, the
authors of that publication assumed that it has a circularly
permuted genome. Considering the findings presented here,
however, it is not unlikely that this phage also features redun-
dant genome ends. In contrast, the giant Bacillus thuringiensis
phage 0305¢8-36, which also features 6.5-kb terminal redun-
dancy (59), probably represents a lineage of its own. It is
clearly different from the SPO1-like phages with respect to
morphology, genome size, and its complete lack of sequence
homologies.

In conclusion, it can be anticipated that many of the yet-
uncharacterized myoviruses mentioned in the literature, those
infecting not only Listeria, Staphylococcus, and Bacillus but also
other genera such as Enterococcus and Brochothrix (25, 30),
will fall into this group of broad-host-range, virulent SPO1-like
phages featuring large, terminally redundant genomes. A511
represents a typical example and suitable model to study this
evolutionarily very successful class of bacterial viruses.
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