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Abstract Virion DNA of bacteriophage 11b (U11b),
which infects a psychrophilic Flavobacterium isolate
from Arctic sea-ice, was determined to consist of
36,012 bp. With 30.6% its GC content corresponds to
that of host-genus species and is the lowest of all phages
of Gram-negative bacteria sequenced so far. Similarities
of several of 65 predicted ORFs, genome organization
and phylogeny suggest an affiliation to ‘mesophilic’
nonmarine siphoviruses, e.g. to bacteriophages SPP1
and HK97. Early genes presumably encode an essential
recombination factor (ERF), a single strand binding
(SSB) protein, an endonuclease, and a DNA methylase.
The late gene segment is likely to contain a terminase,
portal, minor head, protease and a major capsid gene.
Five ORFs exhibited similarities to Bacteroidetes species
and seem to reflect the host specificity of the phage.
Among PAGE-separated virion proteins that were
identified by MALDI-ToF mass spectrometry are the

portal, the major capsid, and a putative conserved tail
protein. The U11b genome is the first to be described of
a cultivated virus infecting a psychrophilic host as well
as a Bacteroidetes bacterium.
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Introduction

The isolation and cultivation of only a few bacterio-
phages from the polar region has been reported to day.
U11b was one out of a set of phages that were recently
isolated together with their psychrophilic host bacteria
from Arctic sea-ice and cultured under laboratory con-
ditions (Borriss et al. 2003). The phage has a chromo-
some of ds DNA and morphologically resembles
Escherichia coli phage k (Siphoviridae, morphotype B1).
While 16S rDNA sequencing indicated that the host
bacterium of U11b, Bacteroidetes bacterium 11B, may
represent a novel Flavobacterium species, no further
characterization of the isolate has been conducted.

Flavobacteriophages are viruses that infect Flavo-
bacteria (low GC Gram-negative bacteria of the Bac-
teroidetes phylum). According to data of one of the few
published articles about flavobacteriophage-host sys-
tems (Jiang et al. 1998), U11b seems to share similarities
in morphology and dimensions with a temperate phage
isolate from Hawaii. The online name directory of phage
names (Ackermann and Abedon 2001) lists four differ-
ent virus species for the B1 morphotype of flavobacteria-
infecting siphophages, whereas most phages infecting
Bacteroidetes bacteria have been described for Bactero-
ides species (17 phage names). Bacteria of the Cytoph-
aga–Flavobacterium cluster have been reported from
diverse habitats, where they influence the carbon flow as
numerically important aerobic heterotrophic consumers
(Kirchman 2002). Strain 11B was initially described to
be closely related (99.6% 16S rDNA identity) to an
uncertainly classified ‘Cytophaga’ isolate from the Baltic
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Sea (Borriss et al. 2003). In a BLASTN similarity search
update, 11B’s 16S rDNA turned out to be similar to
several new entries. 97–99% identity was found to a few
sequences from Arctic and Antarctic isolates [99% to
ARK10270 (Brinkmeyer et al. 2003), 97–98% to Flavo-
bacterium frigoris and Flavobacterium degerlachei].
Further Flavobacterium species with strong rDNA se-
quence similarities to strain 11B were isolated from
genus-typical aquatic (estuarine, freshwater) or soil
habitats (Kisand et al. 2002, Bradford et al. 1996).
Notably, no 16S rDNA sequence of a closely related
species from an offshore marine environment, which is
not sea-ice associated, has been deposited in the data-
bases so far.

While virus genome structure depends on the host
species, in the past, single phage genomes that were se-
quenced and deposited in databases were mainly ‘me-
sophilic’ viruses of a restricted taxonomical spectrum of
bacteria associated with human health or of industrial
importance. The sequencing of a cultivated virus from
polar sea-ice or from other extremely cold habitats, as
well as the sequencing of a cultivated phage infecting
Flavobacteria or other bacteria of the Bacteroidetes
phylum, has not been reported yet. The following pro-
teomics-supported analysis of the U11b genome aims at
new insights into the genomics of a ‘psychrophilic’ phage
including viral genome structure, properties of genes and
phylogeny.

Materials and methods

DNA isolation and sequencing

Phage purification and DNA isolation were performed
with DEAE-cellulose column chromatography and
Phenol–Chloroform extraction as described previously
(Borriss et al. 2003). Sequencing of the U11b genome
was initiated by shot gun cloning and completed by
primer-walking. For cloning, phage DNA was digested
with endonuclease DraI (Roche Diagnostics), ligated
into pUC18 and electroporated into E. coli DH5a.
Plasmid DNA was purified for sequencing by mini
columns (High Pure Plasmid Isolation Kit, Roche).
Plasmid inserts and virion DNA were sequenced
applying Cycle Sequencing (Engelke et al.1988) and
ABI PRISM Big Dye technology by Agowa GmbH,
Berlin, FRG. Capillary electrophoresis with the poly-
mer Pop 6 was carried out employing an ABI Prism
3700 Genetic Analyzer, sequencing data was obtained
from pherogram analysis with ABI Prism Collection
and ABI Prism Sequencing Analysis3.0 software (all
materials PE Biosystems). M13 primers were used to
sequence pUC18 inserted phage DNA. Specific primers
were employed for walking on large plasmid inserts or
directly on the phage DNA. Sequence assembly was
carried out by Lasergene SeqMan software (DnaStar,
Inc.).

Bioinformatic tools

Annotation was performed manually with the GenDB
system (Meyer et al. 2003), which integrates Open
Reading Frame (ORF) identification by Glimmer (Del-
cher et al. 1999) and Critica (Badger and Olsen 1999) and
the standard tools for similarity (BLAST, McGinnis and
Madden 2004), pattern and profile (InterPro) based
search against the corresponding databases (last update
September 2005). Selected online prediction tools used
are given in S1 (Gasteiger et al. 2005; Krogh et al. 2001;
Cserzo et al. 1997; Tusnady and Simon 2001; Hirokowa
et al. 1998; Arai et al. 2004; Lupas et al. 1991; Berger
et al. 1995; Wolf et al. 1997; Combet et al. 2000; Bendtsen
et al. 2004; Juncker et al. 2003; Gruber et al. 2005; Jones
1999; Heger and Holm 2000; Andrade et al. 2000; Gardy
et al. 2005). For illustrations BugView (Leader 2004)
outputs were extracted and finished with Open Office
Draw (http://www.openoffice.org/) or Incscape (http://
www.inkscape.org/). Trees for glycosidase and ERF
proteins were calculated by means of clustal and ‘‘mus-
cle’’ parameters; respective amino acid (aa) sequences
were extracted from the NCBI protein database (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein).
Further calculations were performed with Phylip (3.6
package).

Separation and mass spectrometry (MS)
of virion proteins

Purified virus particles were diluted in TE (10 mM Tris–
HCl pH 7.4; 1 mM EDTA, pH 8) and denatured by
adding 6 M Urea lysis buffer (stock: 2 ml 10% SDS,
3.6 g Urea, 699 ll mercaptoethanol, 3 ml glycerol).
0.1 lg protein was filled in a gel slot. Proteins were
separated in a sodium dodecyl sulfate (SDS) 15% dis-
continuous polyacrylamide mini gel at 190 V for 45 min
in a Miniprotean Cell (Bio-Rad). Gels were stained with
either Coomassie Blue or silver nitrate according to
Blum et al. (1987). For mass spectrometry analyses
(MS), protein spots were excised from stained gels. In-
gel trypsin digestion of the proteins was performed as
described earlier (Büttner et al. 2001). Peptide masses
were measured either in a Voyager-DE STR or in a
Proteomics Analyzer 4700 (both PE Biosystems), mass
fingerprints were analyzed using the gpmaw software.
Gel free protein extracts were identified with NanoLC
Tandem MS. After digestion the peptide extract was
separated with high pressure liquid chromatography on
an UltimateTM system (LC Packings). Peptides were
first loaded and desalted on a reversed phase pre-column
(l-Precolumn, PepMapTM, C18, 300 lm i.d. · 5 mm,
LC Packings) with a flow rate of 30 ll/min using 0.1%
(v/v) formic acid as solvent. The separation was per-
formed via a reversed phase nano column (PepMapTM,
C18, 75 lm i.d. · 15 cm, LC Packings). As solvents
0.05% (v/v) formic acid (solvent A) and 90% (v/v) ac-
etonitril in 0.05% (v/v) formic acid (solvent B) were used
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with a linear gradient from 5 to 50% of solvent B over
70 min. The chromatography system was coupled via a
nanoLC inlet (New Objective) to the Q-TOF mass
spectrometer (Q-Star Pulsar, PE Biosystems) equipped
with a nano-electrospray source (Protana). The eluted
peptides were analyzed by tandem MS. The resulting
MS/MS data were analyzed with the BioanalystTM
Software (PE Biosystems) and the integrated Mascot
(Matrix Science Ltd) script.

Nucleotide sequence accession number

The complete nucleotide sequence of the U11b virion
DNA was deposited at EMBL under AJ 842011.

Results and discussion

DNA primary structure

After sequence assembly the chromosome of U11b
turned out to be circular ds DNA, consisting of 36,012
base pairs. No physical ends of the supposed linear
virion DNA molecule could be identified during
sequencing and attempts to identify cohesive end (cos)
sites by heat denaturation of restriction enzyme digested
phage DNA failed (data not shown). A BlastN search of
the whole sequence revealed similarity (expect (E) value
0.002 and 87% identities) of the region at 9,232–
9,288 bp (PHG11b_19) to a 57 bp spanning coding se-
quence (X56064.1, 2571–2627) of ORF-5, a gene of the
genomic packaging module of bacteriophage SPP1. No
tRNA genes were found with tRNAscan (Lowe and
Eddy 1997). Several potential transcription termination
sites that fall in noncoding regions between potential
genes were identified (S4). Statistical data is provided in
S2.

The guanine-plus-cytosine (GC) content of the over-
all nucleotide sequence is 30.6 mol%. The GC percent-
age for genes ranges from 22 (PH11b_9, PHG11b_42) to
39 (PHG11b_32) and is on average 31.2. No genome
segment of significantly higher or lower GC content
indicating functional clusters and lateral gene transfer
during evolution (Smith et al. 1999) could be identified
for U11b (Fig. 1, Table 1). Its DNA appears to be in

accordance with the assumed low GC content of host
DNA since flavobacterial isolates are reported to have a
GC content of 32–37 mol% (Bernardet et al. 1996). A
correspondence of virus and host GC content is re-
garded to be the usual case in phage host systems and is

Fig. 1 Genome map of U11b shown in a randomly linearized form
with ORFs underlined by the corresponding GC content diagram.
The actual ends of the phage chromosome have not been identified.
ORF arrow color indicates the respective annotation group (grey
probable function resolved; red conserved hypothetical protein;
yellow predicted membrane association). Colored arrow tips
indicate the affiliation to the respective genomic functional cluster.
A putative genomic organization of the phage might be as follows:
PHG11b_50–_13, early genes (green tips with so far unresolved
modules of recombination, modification, replication, transcrip-
tional regulation); PHG11b_14–_21, DNA packaging and head
morphogenesis (red tips); PHG11b_22–_47, head-tail joining and
tail morphogenesis; PHG11b_48 and _49, destruction of the host
cell envelope (black tips)

c
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Table 1 Annotated ORFs of U11b: Bioinformatic prediction and similarity search results

ORFa (aa) pI; mol. mass; %GCa Annotation asb; sequence similarity (*) to ORFs (protein accession no.),
E value; motif prediction profile (#)

1 (31) 8.9; 1494; 24 Endonuclease; *phage T4 MobB (NP_049674), �2e-28G; –
2 (297) 6.3; 33753; 30 CHP;*Bacteroides thetaiotaomicron ORF(AAO79651.1),1e-33;–
3 (69) 6.2; 8271; 19 HP; –; –
4 (77) 9.2; 9003; 23 HP; *LysB of bacteriophage P2 (AAD03278.1), 0.62G

5 (83) 4.3; 9476; 31 HP; *phage HK022 putative endonuclease(NP_597900.1), 0.04G

6 (61) 4.9; 7083; 33 HP; –; cytoplasmic locus (Psort)
7 (109) 9.4; 12755; 27 HP; *RusA endonuclease (YP_240211.1) of phage EW, 0.35; –
8 (39) 10.0; 4536; 24 HP; –; –
9 (90) 9.4; 10852; 22 HP; –; #1 C terminal TM helix(ConPred-all), cytoplasmic(Psort)
10 (76) 9.6; 8333; 27 HP; *unknown protein of Clostridium difficile phage phiC2 (AAS02086.1),

0.16; #HTH (threshold 25%)
11 (38) 9.8; 4556; 27 HP; –; #coiled coil and cytoplasmic localization (Psort)
12 (165) 6.0; 19500; 29 HP; *unknown protein of phage sk1 (AAB70047.1), 0.2G; –
13 (67) 9.6; 7660; 29 HP; -; #2 (ConPred-all) TM helices
14 (161) 6.0; 18261; 36 Terminase small subunit (TerS); *phage HK620 TerS (NP_112075.1), 5e-18G; #1

(ConPred-elite-split) TM helix
15 (433) 5.8; 49237; 34 TerL; *H. influenzae protein HI1410 (P44184), 1e-143G; –
16 (461) 5.47; 52062; 33 Portal protein, *Ehrlichia canis phage-related protein (ZP_00211249.1),

5e-04; #signal peptide (SignalP3-NN)
17 (81) 6.3; 9312; 28 HP; –; –
18 (256) 8.8; 29028; 32 Minor head protein; *phage /Ch1 gpC (NP_665925.1), 1e-12; –
19 (86) 5.1; 9994; 30 CHP; * SPP1 orf5 (NP_690660.1), 5e-16; #cytoplasmic (Psort)
20 (215) 5.0; 24898; 30 Prohead protease; * HK97 prohead proteinase (S54391), 5e-68G

21 (380) 5.0; 40958; 36 Major capsid protein precursor; *gp5 (P49861) of phage HK97,
1e-151G; #coiled coil (Paircoil)

22(133) 8.3; 15860; 23 HP; –; –
23(75) 5.8; 8627; 29 HP; *enterobacteria phage T7 RNA polymerase (NP_041960.1),

0.63; #cytoplasmic localization (Psort)
24 (74) 5.0; 8340; 31 HP; *PHG11b_23, 1e-07; #cytoplasmic localization (Psort)
25 (54) 5.2; 6467; 27 HP; –; –
26 (69) 6.2; 9648; 28 HP; *Sfi21 DNA package protein (NP_049972.1), 0.033G; #1

(ConPred-elite) TM helix, signal peptide (LipoP 1.0)
27(54) 6.2; 6009; 27 HP; –; #cytoplasmic localization (Psort)
28 (150) 4.7; 16958; 32 HP; *phage HK022(tail cluster) protein(NP_597887.1), 0.66G; –
29 (107) 6.2; 12308; 27 HP; –; –
30 (108) 5.0; 11990; 28 HP; *Ehrlichia ruminantium protein (CAI28325.1), 0.16; –
31 (165) 4.6; 17465; 28 HP; –; –
32 (169) 4.6; 16593; 39 HP; *Gallus (pore-, glyco-?) protein (XP_420179.1), 0.008; –
33 (343) 5.4; 35982; 35 CHP; *Rhodopseudomonas pallustris (NP_947258.1), 1e-11;–
34 (174) 9.4; 19012; 34 HP; *phage TP901-1 head-tail protein(NP_112703.1), 0.005G; –
35 (143) 5. 5; 16191; 28 HP; –; –
36 (147) 4.4; 15541; 35 HP; –; –
37 (148) 7.9; 15516; 35 HP; *phage TP901-1 head-tail protein (NP_112702.1), 0.23G; –
38 (113) 5.7; 12712; 29 HP; –; #signalpeptide, cytoplasmic (membrane?) locus (Psort)
39 (75) 9.7; 9933; 33 HP; *phage P22 gp51 (NP_059610.1, Replication), 0.47G; –
40 (613) 9.2; 63111; 36 CHP; *Bacteroides fragilis protein (CAH07988.1), 7e-05; #2

(ConPred-all) TM helices, coiled coils (Paircoil), OMP (Psort)
41 (74) 8.0; 8683; 26 HP; *bacteriophage sk1 unknown protein (AAB70080.1), 0.13G; #1

(DAS) TM helix or signal peptide (ConPred)
42 (66) 9.4; 7959; 22 HP; –; –
43 (740) 5.0; 82909; 29 CHP; *B. fragilis hypothetical protein (YP_099731.1), 1e-05; #OMP

(Psort) with signal peptide
44 (171) 4.4; 18667; 31 HP; *bacteriophage HK620 DNA transfer protein (NP_112087.1),

0.62 G; #predicted OMP (Psort)
45 (184) 5.1; 19371; 34 HP, *bacteriophage sk1 unknown protein (NP_044964.1), 0.52 G; #1

(ConPred-all) TM helix
46 (931) 5.1; 98599; 34 CHP; *gp134 (NP_818207.1) of mycophage Bxz1, 4e-19; #OMP or

extracellular location (Psort)
47 (146) 6. 1; 17213; 30 CHP; *Clostridium thermocellum conserved protein (ZP_00312461.1),

1e-04; #1 (SOSUI) TM helix or signal peptide
(ConPred) and two coiled coils (Paircoil)

48 (167) 9.6; 18966; 31 Glycoside hydrolase, family 19; *Pseudomonas syringae
glycoside hydrolase 19 (YP_235844.1), 4e-29; –

49 (155) 9.7; 17680; 25 HP; *Saccharomyces cerevisiae membrane glycoprotein
(P53752), 0.079 G; #2 (ConPred-all) TM helices

50 (56) 4.7; 7916; 23 HP, –; #cytoplasmic localization (Psort)
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explained by a coevolution of viral and host genes
(Smith et al. 1999, Kwan et al. 2005). While no other
complete low-GC siphophage genomes from the marine
environment have been reported yet, U11b showed one
of the lowest GC content values reported for sequenced
siphoviral genomes.

ORF analysis and genome organization

Sixty-five Open Reading Frames (ORFs) were identified
by GenDB that exclusively read from left to right (Ta-
ble 1, Fig. 1). U11b sequences had strong similarity to
coding sequences (cds) of phages and of eubacterial
species of the phyla Bacteroidetes/Chlorobi, Firmicutes,
as well as a-, b- and c-proteobacteria and are likely to
contain closely related prophage genes. Significant sim-
ilarity to cds of closely host-related bacteria of the
Bacteroidetes phylum was found for five ORFs
(PHG11b_2, _40, _43, _57, _65) that might provide a
link to the host specificity of U11b. Similarities to cds of
eukaryotic viruses were found for PHG11b_32 (E value
0.16), _46 (E value 6e-04), _47 (E value 4e-04). For some
ORFs of U11b a distinct motif prediction pattern was
identified (Table 1, S3).

The putative genomic organization of the virus
(Fig. 1) appears to follow that of other siphoviruses in
which the ORFs are arranged in a manner reflecting the
intracellular phage-development (Van Sinderen et al.
1996). With PHG11b_54 (erf), _65 (methylase), and _1

(endonuclease), the genome of U11b features three
putative early genes that have significantly similar cds in
databases and could serve as further potential markers
for phage similarity analyses. Weak similarity hits (see
Table 1), that might have a functional early gene analog
in U11b, were observed for PHG11b_51 (DNA metab-
olism), _52 (ATPase), _56 (ligase), _57 (SSB protein),
_61 (DNA stabilization or integrase), _63 (lysogenic
conversion/growth inhibition), _64 (helicase). The
endonuclease encoding ORF is located in front of a
possible replication (primase) or recombination (trans-
posase) protein gene (PHG11b_2) and 13 genes in front
of the start of the head morphogenesis cluster. Up-
stream, the adjacent ORF encodes a putative DNA
methyltransferase (MTase) with a proposed function in
contributing to phage recombination or replication
processes. Most prokaryotic MTases are components of
a restriction-modification (RM) system in which they are
associated with a restriction endonuclease (Bujnicki
2002). Thus, the PHG11b_1 encoded enzyme might be a
component of an RM system or functions as a homing
endonuclease, which seems to be common among pha-
ges (Crutz-LeCog et al. 2002). RM systems, one has
been reported from the enterobacterial myophage P1
(Rao et al. 1989), can be associated with mobile genetic
elements (Kobayashi et al. 2001). The other likely
function of the MTase protein, however, is to provide
protection of phage DNA against host restriction en-
donucleases by self-methylation, as it has been described
from the temperate Myxococcus xanthus phage Mx8

Table 1 (contd.)

ORFa (aa) pI; mol. mass; %GCa Annotation asb; sequence similarity (*) to ORFs (protein accession no.),
E value; motif prediction profile (#)

51 (377) 8.6; 42905; 30 CHP; * phage K1-5 protein 22 (AAR90064.1) of the ‘‘metabolism’’
gene cluster, 1e-24; #1(ConPred-all) TM helix

52 (57) 6.6; 6565; 31 HP, –; #coiled coil (Paircoil)
53 (71) 4.8; 8389; 28 HP; –; –
54 (180) 7.7; 19212; 33 erf; *Nostoc punctiforme protein (ZP_00106022.1), 2e-17; –
55 (72) 7.9; 8712; 29 HP; *sfi21 ATPase similar protein (NP_050003.1), 0.8G; –
56 (73) 7.9; 8753; 23 HP; *phage T7 DNA ligase (NP_041963.1), 0.27G; –
57 (126) 4.8; 14508; 33 CHP; *Cytophaga hutchinsonii DNA-binding protein (ZP_00308272.1), 2e-08; –
58 (59) 9.6; 6760; 32 HP; –; –
59 (108) 9.5; 12793; 29 HP; –; #cytoplasmic localization (Psort)
60 (59) 9.8; 6682; 31 HP; –; #cytoplasmic localization (Psort)
61 (132) 6.2; 15789; 28 HP; *phage HK620 DNA stabilization (NP_112082.1), 0.55G; –
62 (49) 6.7; 5692; 26 HP; –� #signal peptide (Conpred)
63 (213) 9.2; 25036; 31 HP; *phage P22 Tin protein (NP_046797.1, lysogenic conversion),

0.38 G; #cytoplasmic localization (Psort)
64 (116) 7. 7; 13454; 30 HP; *phage P22 gp52 (NP_059611.1), 0.33 G; #coiled coil (Paircoil),

HTH(25%), cytoplasmic localization (Psort)
65 (217) 7.8; 25059; 32 Modification methylase; *Neisseria meningitidis N-6 adenine-

DNA methylase (AAF41140.1), 4e-50; –

aCds (PHG11b_1-PHG11b_65) are specified by their locus tag number (ORF), protein length in base amino acids (aa), predicted
isoelectric point and molecular mass (mol. mass) values in Da (pI/mass) as well as GC content in mol% (GC cont.)
bThe column comprises annotation results by similarity search (underlined) and for some deduced proteins a predicted motif and
subcellular localization profile including potential transmembrane (TM) helices, helix–turn–helices (HTH), outer membrane protein
(OMP) prediction, with the respective tool used in parentheses. If not indicated otherwise (G indicates GenDB data), similarity data were
obtained from BLASTP search.
HP hypothetical; CHP conserved hypothetical protein
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(Magrini et al. 1997). In addition, a methylase gene
adjacent to an endonuclease encoding ORF has also
been reported for the lytic siphoviral Lactobacillus casei
bacteriophage A2 (Proux et al. 2002).

U11b’s head morphogenesis cluster appears to be the
most conserved region of the phage genome. For six
component late gene products with significant similari-
ties to analogous proteins of other phages, a putative
function could be assigned. The cluster which should be
mainly responsible for packaging and phage head
assembly consists of genes coding for the terminase su-
bunits, portal, minor head, protease, and the major
capsid protein after which transcription might be ter-
minated by a predicted intergenic stem-loop (S4). A
scaffolding protein, however, could not be identified for
U11b. While for the arrangement of this segment of the
genome (protease in front of one major capsid) U11b
would be sorted into the cos-site sfi21-like phage genus,
the presence of a putative minor head gene and an ORF
involved in packaging similar to bacteriophage SPP1
suggests that a pac-site mechanism might be used, which
is characteristic for phages of the sfi11-like genus (De-
siere et al. 2002).

Both, the putative small and the large terminase
subunit of U11b display at least significant similarity to
the terminases of the related enterophages HK620 and
sf6. For the highly similar (E value 4e-65) large subunit
of SPP1 (G2P, NP_690654.1), an endonuclease, ATPase,
and ds DNA binding activity was postulated (Gual et al.
2000). The protein is also reported to initiate the headful
packaging series by transient interactions with two other
gene products (Camacho et al. 2003). Comparisons of
terminase aa sequences were found to give clues about
the respective phage packaging mechanism (Casjens
et al. 2005). Sequence similarities to terminases of pac-
site phages (P22-like) suggest that U11b uses headful
packaging and has circular permuted and terminal
redundant virion DNA. Similar to some P22-like pack-
aging phages the viral packaging initiation would not
occur at a precise location but in a region of variable
length in which the initiation cuts are distributed. This
hypothesis is in agreement with the earlier finding that
during electrophoresis digested ethidium bromide
stained virion DNA samples separated with a smear, the
intensity of which varied for the respective restriction
enzyme used (Borriss et al. 2003) and which might
contain the diagnostic submolar pac-site fragments.

Over its whole aa sequence and for a 57 bp spanning
sequence PHG11b_19 displays strong similarity (E value
5e-16) to orf5 (CAA66579.1) of Bacillus phage SPP1,
one of five ORFs that specify gene products required for
pac-site cleavage (Chai et al. 1992). Apart from the ob-
served significant similarity of PHG11b_20 and_21 to
the protease or major capsid of phage HK97, the gene
arrangement of the putative morphogenesis segment,
too, would suggest an HK97-like head assembly mech-
anism for U11b. In HK97 the endoprotease is involved
in head morphogenesis by catalyzing the cleavage of the
major coat precursor; the major capsid protein guides a

scaffold-lacking assembly from penta- and hexamers and
the maturation of the icosahedral head (Duda et al.
1995; Wikoff et al. 2000).

In siphophages, packaging and head genes are usually
followed by a head-to-tail and a tail protein encoding
sector. For U11b, no single tail gene with significant
similarity to analogous cds of phage origin could be
identified. However, several phage tail proteins of weak
similarity were identified for the following ORFs:
PHG11b_28, _32, _34, _35, _37, _40, and _47. The large
sized ORFs PHG11b_40-_46 may be structural tail
genes. Transmembrane (TM) helices are reported to be
typical for the tape measure protein (tmp) (Zimmer et al.
2003) and, indeed, a putative membrane association was
predicted for PHG11b_40, an ORF with weak similarity
to a tmp (CAD43903.1) of bacteriophage A2. Tmps are
also suggested to be encoded by the first large ORF
downstream of the major capsid encoding gene. With
613 aa corresponding to 75–90 nm of measured tail
length (Borriss et al. 2003) the size of the potential tmp
(PHG11b_40), however, does not appear to be well in
line with the length of the tail as measured by electron
microscopy. In comparison a tmp size of 853 aa corre-
sponds to 150 nm tail length in phage lambda (Zimmer
et al. 2003). PHG11b_46 was highly similar to the cds of
gp134 of mycophage Bxz1, it seems that it specifies one
of the latest, if not the last gene of the genomic tail
morphogenesis segment of U11b. With predicted 98 kDa
the largest putative protein of the phage might be a tail
fiber protein as several viral tail or tail fiber BLASTP
hits of weak similarity suggest.

At the very right end of the putative late-gene seg-
ment the putative endolysin gene of U11b PHG11b_48
might form a lysis cassette with an adjacent ORF with
TM domain prediction, e.g. PHG11b_49, encoding the
putative holin. As an unusual arrangement for a siph-
oviral genome, the holin would be preceded by the
endolysin in the putative module; a characteristic ob-
served for bacteriophage SPP1, too. Also PHG11b_47, a
conserved hypothetical protein with similarity to a Ca-
narypox virus protein (NP_955191.1, E value 6e-04) and
three low similarity hits for phage tail proteins, was
predicted to contain one TM domain. Notably, the
endolysin gene of enterophage T1 is flanked by a gene
for a deduced 1- and a 2-TM protein (Roberts et al.
2004).

Attacking glycosidic linkages of host cell murein,
glycosidases were reported to be one of four muralytic
classes of phage endolysins (Young et al. 2000). Focus-
ing on the sequenced genomes of bacteria taxonomically
related to the U11b host, a glycosidase of family 19 has
neither been reported from the three completed Bacte-
roides genomes nor for those of Chlorobium tepidum and
P. gingivalis. For viruses, the enzyme family is reported
from sipho-, podo- and myophage representatives (12
Interpro entries) and seems to be conserved in myco-
bacteriophages. Both, phage and bacterial sequences of
the glycosidase 19 are suggested to be either endolysins/
lysozymes or chitinases. The deduced protein of
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PHG11b_49, one of 11 potential membrane interacting
proteins of U11b, was predicted to have two TM do-
mains, which is typical for class-2 holins. However, its
size of 155 residues is reported to be covered by holins of

class-1 (Young et al. 2000). Moreover, no holin/antih-
olin-indicating dual start motif could be found for
PHG11b_49 and it is possible that also one of the other
ORFs with more than one predicted TM domain, i.e.

Fig. 3 Alignment of the U11b (11b) ORF map with the genomes of
bacteriophage HK97, SPP1, lambda and enterobacteria phage T1.
Functionally similar ORFs share the same color. Phage genome
length is given at the right end of the gene map. All five phages
share conserved head package/morphogenesis genes. Notably, the
U11b gene map features a minor head and protease encoding ORF.
The potential lysis module of U11b contains a glycosidase, whereas
the non-essential glycosidases of SPP1 are situated aloof from the
lysis cassette. The glycosidases of SPP1 apparently do not share
synteny in function, position, number, gene size and similarity with
the putative enzyme of U11b and are not required for phage
growth. Any significant sequence similarity among the endonuc-

leases (one in SPP1 and three in T1) of the three phages could not
be found. PHG11b_54 was annotated as putative essential
recombination factor (Erf). HK97 and lambda have their corre-
sponding recombination protein encoding genes located close to
the lysogeny module indicating an integrase gene. However, no
ORF which clearly codes for a potential integrase was identified in
U11b. Similar to U11b, in SPP1 and T1, the recombination protein
genes are located shortly (about five ORFs) downstream of the
‘‘long orf’’ tail cluster. DNA modification methylases are found in
U11b and T1. Their position in both phages appears to be similar:
the modification enzyme encoding genes are located a few ORFs
downstream of the erf gene

Fig. 2 Phylogenetic tree for the ERF proteins analogous to
PHG11b_54. Numbers are bootstraps. The sequences are denoted
by host species abbreviations, gene identification numbers are:
Desulvovibrio vulgaris (Dvu1), gi|4658043; enterobacteria phage P22
(p22), gi|9911064; enterobacteria phage HK022 (HK022),
gi|9634188; enterobacteria phage HK97 (HK97), gi|9635505;
enterobacteria phage T1 (T1), gi|4568633; Lactobacillus phage

LL-H (LL-H), gi|1865420; Lactobacillus phage mv4 (mv4),
gi|1113833; Listeria monocytogenes (Lmono), gi|1680435; Nostoc
punctiforme (Npun), gi|2312400; Pseudomonas phage D3 (D3),
gi|9635643; S. aureus phage /PV83 (PhiPV83), gi|9635694;
Streptococcus agalactiae (Saga), gi|2253674; Streptococcus phage
NIH1/100 (PhiNIH1), gi|1627178; Streptococcus pyogenes (Spyo),
gi|1974668
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PHG11b_32, which also exhibits similarity to membrane
glycoproteins, could function as a holin. In addition,
PHG11b_49 was cloned in an E. coli T7-overexpression
vector, where it turned out to be lethal after transfor-
mation (data not shown).

Phylogenetic and synteny analysis

Three potential proteins of U11b show strong similarity
to aa sequences of bacteriophage SPP1 and HK97.
According to a phylogenetic whole genome tree we
calculated from a global BLASTP analysis (Clarke et al.
2002; Teeling et al. 2004) of selected siphoviruses
including HK97 (data not shown), U11b is currently
most closely related to the unclassified pac-site siphovi-
rus SPP1 (Alonso et al. 1997). While the two phages
differ clearly in their host specificities (Bacteroidetes vs.
Firmicutes) the fact that numerous species of both
groups of bacteria are known to occur in terrestrial
habitats would give a basis for an interviral gene transfer
during evolution.

We performed a phylogenetic analysis for two de-
duced proteins of U11b. The glycosidase (PHG11b_48)
and erf (PHG11b_54) enzymes were among the few
putative proteins of U11b suitable for phylogenetic tree
calculation, because they showed extended conservation
in their aa sequence to cds from independent species. In
contrast to PHG11b_54 that branched monophyletically
with the T1 sequence (Fig. 2), PHG11b_48 grouped
solitarily in the glycosidase tree (data not shown) and
seemed most closely related to Pseudomonade glyco-
sidases and a cds of the beta-proteobacterium Nitroso-
monas europaea. Notably, a Pfam phylogeny (http://
www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF00182) posi-
tions PHG11b_48 monophyletically with those of my-
cobacteriophage Rosebush and N. europea. Both the
glycosidase and the erf tree appear to confirm BLASTP
similarity data which suggest that—like in other pha-
ges—the genome of U11b is a mosaic of single evolu-
tionarily acquired sequences, a string of linking hot
spots for an interviral kinship which is even mirrored
throughout fairly different environments.

In an attempt to illustrate the phylogenetic results,
four potentially closely related phage genomes were
aligned and analyzed for synteny (Fig. 3). Similarity
search and tree calculation indicated that selected phage
genomes share global (phage SPP1) or similarity for
single genes (erf of bacteriophage T1, major capsid of
phage HK97) with U11b. Bacteriophage k was included
as the prototype of a lambdoid phage.

U11b proteome

With silver staining, at least 11 prominent single bands
were observed (Fig. 4). The largest protein band
(>200 kDa) might be caused by complex virion protein
species, e.g. multimers of the major capsid that did not

enter the gel (Van Sinderen et al. 1996; Wikoff et al.
2000). The gel separation band pattern of lactococcal
phage r1t showed a profile partially similar to U11b,
were also at least 11 protein bands could be identified
(Van Sinderen et al. 1996). The published protein profile
resembles U11b gel separations for six bands (190/190,
160/160, 50/50, 43/40, 16/16, 14/14 kDa) and for the
total number of obtained bands (12 vs. 11 bands).

At least five different phage proteins could be iden-
tified through MS (Table 2) during two independent
experiments. Only one short peptide with a relatively
low score (data not shown) could be identified from the
PHG11b_15 encoded TerL subunit. The corresponding
protein has a predicted mass of 49.2 kDa. However, it
was identified from a migration band of about 15 kDa.
Thus, one might speculate that this protein was cleaved
or degraded into a smaller molecule, migrating in a band
of about 15 kDa. The terminase is an enzyme involved
in the virion packaging process, it might still be detect-
able in the bacteriophage virion. Twelve different pep-
tides (data not shown) of the potential tail gene
PHG11b_46 were identified from the visible band sep-
arated at 90 kDa (Fig. 4, Table 2). For phage PSA,
Zimmer et al. (2003) reported the identification of an
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Fig. 4 Silver stained protein band pattern of denatured U11b
virions, separated by SDS Polyacrylamide Gel Electrophoresis
(PAGE). The observed approximate molecular mass (in kDa) of 12
visible bands is: > 200 (1), 190 (2), 160 (3), 90 (4), 70 (5), 50 (6), 40
(7), 37 (8), 20 (9), 16 (10), 14 (11), 0–5 (12, bottom band or
electrophoresis front). The results of the MALDI-ToF analysis of
the U11b protein bands are summarized in Table 2
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apparent tail-and-base-plate protein from peptides sep-
arated at �68 kDa as well as a probable tmp at 80 kDa.
The identification of sequences of PHG11b_21 (major
capsid) in migration bands of 160 and 190 kDa might be
interpreted as the result of two different multiprotein
aggregation states (Van Sinderen et al.1996; Wikoff et al.
2000). MS analysis of virion proteins of bacteriophage
r1t revealed four suggested structural proteins encoded
by ORFs of a probable head tail morphogenesis gene
cluster including the major capsid protein (Van Sinderen
et al. 1996). Also, major capsid peptides were identified
for this phage in the 160 and 190 kDa band; this sepa-
ration characteristic was suggested to be caused by the
formation of tetra- and pentameric capsid protein spe-
cies (Van Sinderen et al. 1996). The most abundant
proteins of U11b might be contained in the prominent
bands that separated during PAGE at 14 and 16 kDa
and at 40 kDa; accordingly. The major capsid protein,
which is found in two migration bands, also occurs in
abundance.

Bacteriophage 11b delivers the first described genome
of a cultivated virus infecting a psychrophilic host and a
Bacteroidetes bacterium. Bioinformatic analysis of the
nucleotide sequence and deduced genes as well as a
proteomic approach indicated an affiliation to ‘meso-
philic’ siphoviruses of nonmarine habitats. It is tempting
to speculate that the strikingly low general GC content
and significant similarities for some conserved ORFs of
the phage provide a link to its cold-adapted flavobac-
terial host.
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