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ϕRSL1 is a jumbo myovirus stably and lytically infecting the phytopathogenic bacterium Ralstonia
solanacearum. In this study, we investigate the infection cycle of ϕRSL1 and provide a genomic, proteomic
and transcriptomic view of this phage. Its 231-kbp genome sequence showed many genes lacking detectable
homologs in the current databases and was vastly different from previously studied phage genomes. In
addition to these orphan proteins, ϕRSL1 was found to encode several enzymes that are unique among
known viruses. These include enzymes for the salvage pathway of NAD+ and for the biosynthetic pathways
of lipid, carbohydrate and homospermidine. A chitinase-like protein was found to be a potential lysis
enzyme. Our proteomics analysis suggests that ϕRSL1 virions contain at least 25 distinct proteins. We
identified six of them including a tail sheath protein and a topoisomerase IB by N-terminal sequencing. Based
on a DNA microarray analysis, we identified two transcription patterns.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Bacteriophages constitute amajority of biological organisms on the
Earth and have crucial influences on the evolution of bacteria
(Ashelford et al., 2003; Hendrix 2002, Suttle, 2005; Wommack and
Colwell, 2000). The double-stranded DNA (dsDNA)-containing tailed
phages (the Caudoviridales) represent the most numerous, most
widespread andprobably the oldest groupof bacteriophages (Hendrix,
1999). Three families (i.e. Myoviridae, Podoviridae, and Siphoviridae)
belong to the order Caudovirales, and approximately 25% of the
members of this order aremyoviruses (Ackermann, 2003).Myoviridae
phages classically represented by T4-like phages have a contractile tail
sheath and infect a broad range of bacterial hosts. From analyses of T4-
like phage genomes, it has been suggested that myovirus genomes are
mosaic of conserved core genes, which include structural genes
encoding head and tail proteins and enzyme genes for DNA and
nucleotide processing (Filee et al., 2006), and the remaining accessory
non-core genes, which are not conserved across species and
correspond to the vast majority of the huge gene pool of phages. The
functions of the non-core genes are mostly unknown, although it is
commonly assumed that they provide a selective benefit to phages
(Hendrix, 2009).
ada).

l rights reserved.

A jumbo phage infecting the
.1016/j.virol.2009.11.043
Several myoviruses are known to have a large genome over
200 kbp, and are designated as “jumbo phages” (Hendrix, 2009).
These include Pseudomonas aeruginosa phage ϕKZ (280 kbp,
Mesyanzhinov et al., 2002) and EL (211 kbp, Hertveldt et al., 2005),
Vibrio parahaemolyticus phage KVP40 (386 kbp, Miller et al., 2003a),
Stenotrophomonas maltophilia phage ϕSMA5 (250 kbp, Chang et al.,
2005), and Yersinia enterocolitica phage R1-37 (270 kbp, Kiljunen
et al., 2005). Jumbo phages were also reported for Sinorhizobium
meliloti (phage N3, 207 kbp; Martin and Long, 1984) and Bacillus
megaterium (phage G, 600 kbp; Sun and Serwer, 1997). Recently,
Yamada et al. (2007) isolated a new lytic jumbo phage (ϕRSL1) with
a 240-kbp dsDNA genome, which efficiently and stably infects a
wide-panel of Ralstonia solanacearum strains. The ϕRSL1 particle has
an icosahedral head of 150 nm in diameter and a contractile tail of
138 nm in length and 22.5 nm in diameter (Fig. 1).

R. solanacearum is a soil-borne Gram-negative bacterium (Beta-
proteobacterium) known to be the causative agent of bacterial wilt of
many economically important crops (Yabuuchi et al., 1995; Hayward,
2000). The bacterium has an unusually wide host range covering over
200 plant species belonging to more than 50 botanical families, and
shows great phenotypic and genotypic diversity between strains
(Hayward, 2000). To investigate potential roles of phages on the
biological, physiological, and pathological variations of R. solana-
cearum, we determined the genome sequence of ϕRSL1, characterized
phage gene expression patterns during infection, and performed a
proteomic analysis of virions.
phytopathogen Ralstonia solanacearum defines a new lineage of the

mailto:tayamad@hiroshima-u.ac.jp
http://dx.doi.org/10.1016/j.virol.2009.11.043
http://www.sciencedirect.com/science/journal/00426822
http://dx.doi.org/10.1016/j.virol.2009.11.043


Fig. 1. Electron micrographs of ϕRSL1 particles (A and B). Empty capsids with a
contracted tail are shown in B. Phage particles were stained with 1% sodium
phosphotungstate. Scale bar represents 100 nm.

Fig. 2. Single-step growth curve of ϕRSL1 growing on R. solanacearum M4S. Shown are
the PFUs per infected cell in cultures at different time post infection. Sampleswere taken
at 30-min intervals up to 6 h and immediately diluted with (filled circle) or without
(open circle) chloroform treatment, and the titers were determined by the double-
layered agar plate method. Eclipse and latent periods were ∼90 min and ∼150 min,
respectively.
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Results and discussion

Growth cycle of the jumbo phage ϕRSL1

ϕRSL1 could form clear plaques in top gel containing 0.45–0.5%
agar but formedno visible plaques in gel of a higher agar concentration
(0.7–0.8%) used in a standard plaque assay. The infection cycle of
ϕRSL1 was characterized by a single-step growth experiment with
strain M4S as a host. As shown in Fig. 2, the eclipse phase period was
found to be ∼90 min, and the latent period ∼150 min. These were
followed by a rise period of 90 min. The average burst size of ϕRSL1
was 80–90 pfu per infected cell. The DNA replication started around
75 min post infection (p.i.) as revealed by DNA dot blot hybridization
of total bacterial DNAwith aϕRSL1-probe (data not shown). The use of
other R. solanacearum strains, such as MAFF301558 and MAFF730138,
led to essentially the same results. Lytic cycle and the lack of lysogeny
of ϕRSL1 was supported by genomic Southern blot hybridization
assays in which 15 host strains (of different races and/or biovars
including ϕRSL1-sensitive and -resistant ones) showed no hybridiza-
tion signal with a labeledϕRSL1 DNA probe (Yamada et al., 2007). One
characteristic feature of ϕRSL1 infection was a lasting host killing
effect. In liquid cultures, no discernible growth of resistant bacterial
cells was observed until at least 100 h p.i.

General features of the genome and the abundance of ORFans

ϕRSL1 shotgun sequences were assembled into a closed, circular
genome of 231,255 bp, which was slightly smaller than the previous
estimate (i.e. 240 kbp) by pulsed-field gel electrophoresis (Yamada et
al., 2007). The small difference suggests that ϕRSL1 phage particle
may contain a linear, circularly permuted, and terminally redundant
DNA genome like T4 (Miller et al., 2003b). The average G+C content
of the ϕRSL1 genome was 58.2%, being substantially lower than those
of the 3.7-Mbp large replicon (67.04%) and 2.1-Mbp small replicon
(66.86%) of R. solanacearum GMI1000 (Salanoubat et al., 2002). In the
phage genome, we identified 343 open reading frames [ORFs; from 40
to 1586 amino acid residues (aa)] and 3 tRNAgenes (including one
pseudogene). Few paralogs or repetitive sequences (N50 bp) were
found in the genome. According to the orientation of ORFs, we
identified four major genomic regions (Fig. 3 and Supplementary
Table S1). The largest region I (114.5 kbp) encodes 193 ORFs
(ORF001–ORF146 and ORF296–ORF343) mostly (186 ORFs) located
in a clockwise orientation. This region has an average G+C content of
58.3%. Region II (15.8 kbp, G+C=57.4%) encodes 24 ORFs (ORF147–
ORF170) all in a counterclockwise orientation. Region III (27.9 kbp,
G+C=57.4%) encodes 23ORFs (ORF171–ORF193; 19 clockwise and 4
counterclockwise). The last and the second largest region IV (73.1 kbp,
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
Myoviridae family, Virology (2009), doi:10.1016/j.virol.2009.11.043
G+C=58.4%) encodes 102 ORFs (ORF194–ORF295) mostly (100
ORFs) located in a counterclockwise orientation. No repeated
sequences or transposon-related sequences were found near the
junctions between these four genomic regions, except for ORF296 (at
the IV/I junction) corresponding to a putative recombination endo-
nuclease. ORFs were tightly organized in general with little intergenic
space, and in many cases, the stop codon of an ORF was found to
overlap the start codon of the following ORF.

ϕRSL1 ORFs showed no detectable similarity at the nucleotide level
in other viruses or in cellular organisms, and significant sequence
similarities, if any, were detected only at the protein sequence level.
The proportion of ORFans (i.e. genes lacking detectable homologs in
the current databases) was very high. Of the 343 RSL1 ORFs, 251 ORFs
(73%) showed no significant sequence similarity in the publicly
available databases (E-valueb0.001). However, due to the use of
differentmethods in gene prediction and homology search, this ORFan
proportion was not directly comparable to those previously published
for other phages. Therefore, we performed BLAST searches for
available phage genomes by restricting our analysis to long ORFs
(≥150 aa), for which the effect of false gene identification would be
negligible. The result (Fig. 4C) clearly indicates that the ORFan
proportion of ϕRSL1 was the highest among the jambo phages with
genomes larger than 200 kbp. Of 167 long ORFs (≥150 aa), 96 ORFs
(57%) had no significant match in the UniProt database.

Of all the 343 ORFs, 83 had homologs in UniProt or in the NCBI
environmental sequence collection (GenBank/gbenv). Of these, 53
ORFs (15.5%) showed best sequence similarities (E-valueb0.001) in
bacteria, 10 ORFs (2.9%) in viruses/plasmids, 1 ORF (0.3%) in
eukaryotes, 1 ORF (0.3%) in archaea, and 18 ORFs (5.3%) in
environmental sequences (Fig. 4A). Taxonomic distribution of the
best homologs is shown in Fig. 4B for those ORFs that showed most
similar sequences in the UniProt database. These include Betaproteo-
bacteria (12 best homologs, 7 of which are from Burkholderia spp. and
3 are from Ralstonia spp.), Alphaproteobacteria (10 homologs
including 4 from Rhizobiales and 3 from Rhodobacteriales), Gamma-
proteobacteria (9 homologs), Epsilonproteobacteria (3 homologs),
Firmicutes (3 homologs), Verrucomicrobia (3 homologs), Actinobac-
teria (2 homologs), Cyanobacteria (2 homologs), Deltaproteobacteria
(2 homologs), and other bacteria (7 homologs). It is notable that only
a few ϕRSL1 ORFs showed most similar sequences in Ralstonia spp.,
given that the genomic sequences available for R. solanacearum strain
GMI1000 (race 1, biovar 3, and phylotype I; Salanoubat et al., 2002)
and strain UW551 (race 3, biovar 2, and phylotype II; Gabriel et al.,
2006). Viruses/plasmids best hits include 5 homologs inmyoviruses, 3
in siphovirus, 1 in eukaryotic virus (Mimivirus) and 1 in plasmid.
These results suggest that ϕRSL1 may have access to the gene pools of
phytopathogen Ralstonia solanacearum defines a new lineage of the
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Fig. 3. Organization of the ϕRSL1 genome. Putative ORFs are indicated by red arrowheads (in clockwise orientation) and blue arrowheads (in counterclockwise orientation). Pale
blue and pink lines show the G+C and A+T contents, respectively. Genomic regions I, II, III, and IV are indicated along the inner circle. Open and filled circles indicate ORFs
expressed in early-intermediate stages and in intermediate–late stages of RSL1 infection, respectively.
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largely different families of bacteria and viruses. We could assign
putative functions to 47 ORFs through the examination of homology
search results. These are distributed across several functional
categories including DNA replication and processing, phage structural
components, nucleotide metabolism, and a variety of other unique
metabolisms (Table 1 and Supplementary Table S1).

DNA replication/processing genes and DNA polymerase phylogeny

Many of the core genes conserved in various phages are those
involved in DNA replication, recombination, repair and packaging. In
the genome of ϕRSL1, we found homologs for DNA polymerase I
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
Myoviridae family, Virology (2009), doi:10.1016/j.virol.2009.11.043
(family A DNA polymerase, PolA; ORF256), DNA polymerase III
(ORF166), DNA ligase (ORF065), DNA primase (ORF253), DNA
topoisomerase IIA (ORF333 and ORF335), clamp (ORF157), RNaseH
(ORF177), DnaB helicase (ORF149), DEAD-like helicase (ORF129,
ORF153, and ORF295). To examine the evolutionary relationship
between ϕRSL1 and other phages, we performed phylogenetic
analyses of DNA polymerase I homologs (PolA), which often serve
as a phylogenetic marker. The ϕRSL1 PolA sequence was found to be
placed far away from other myovirus homologs (Supplementary Fig.
S1). It was grouped with homologs from Enterobacteria phage T5 and
Pseudomonas phage Pap2, but this grouping was not statistically
supported. Additional phylogenetic analyses with homologs from
phytopathogen Ralstonia solanacearum defines a new lineage of the
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Fig. 4. Taxonomy of best Blastp hits of ϕRSL1 ORFs. (A) Best hits to UniProt/NCBI-Env
data. Among 343 ϕRSL1 ORFs, 83 hits (E-valueb0.001) were detected and classified.
260 ORFs (75.8%) showed no hits (ORFans). (B) Sixty-five best hits to UniProt are
further classified. (C) Number of unique ORFs in the genome vs. genome size of
various phages sequenced to date. Unique ORFs here are ORFs (N150 aa) lacking
Blastp hits (E-valueb0.001) in the UniProt sequence database. Very close hits (percent
identity N98% and alignment coverage N90%), present in most case self-hits, were
discarded from the analysis.
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diverse bacterial species (including R. solanacearum) further con-
firmed the lack of specific phylogenetic affinity between ϕRSL1 PolA
and its homologs (data not shown). We also noted that the presence
of a PolA in ϕRSL1 is unique among jumbo phages (N200 kbp). Other
jumbo phages encode either family B DNA polymerase homologs or
no obvious DNA polymerase homologs [e.g. Pseudomonas phages KZ
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
Myoviridae family, Virology (2009), doi:10.1016/j.virol.2009.11.043
(Mesyanzhinov et al., 2002) and EL (Hertveldt et al., 2005)]; ϕRSL1
genome is thus the largest among the PolA-encoding phage genomes
(Supplementary Fig. S1). ϕRSL1 ORF065 showed the highest similarity
to the NAD+-dependent DNA ligase of Mimivirus (MIMI_R303,
YP_142657, E-value of 1e-34). Mimivirus infects Acanthamoeba spp.
and is the largest virus known to date with a genome of 1.2 Mbp
containing 911 protein containing genes (Raoult et al., 2004). Other
ORFs possibly involved in DNA recombination/repair include a
helicase (ORF035), a topoisomerase IB (ORF108), a SbcC-ATPase
involved in DNA repair (ORF161), a RuvC resolvase (ORF215), a RecA
(ORF221), a RecD exodeoxyribonuclease V (ORF291), and a recom-
bination endonuclease (ORF296). In T4, many DNA replication/
processing enzymes are encoded within a single gene cluster of
∼20 kbp. In the ϕRSL1 genome, many of the ORFs of this category are
located in region II and IV (i.e., counterclockwise gene clusters, Fig. 3)
and several others are dispersed within region I. Region III was found
to contain none of them (Fig. 3).

Proteomics of virion

Homology searches against multiple sequence/profile databases
detected no clear homolog for the major capsid proteins in the
genome of ϕRSL1. In an attempt to identify the major capsid protein
and other structural components, we performed a proteomic analysis
of ϕRSL1 virions by SDS-polyacrylamide gel electrophoresis (PAGE).
At least 25 proteins ranging from 13 kDa to 160 kDa were separated in
the gel (Fig. 5). Six well separated bands with molecular masses of
17.0, 18.5, 24.7, 33.0, 55.0, and 65.0 kDa were recovered from the gel
and subjected to N-terminal sequencing (Fig. 5). According to the
determined N-terminal sequences, they were found to correspond to
ORF133, ORF121, ORF135, ORF136, ORF108, and ORF140, respectively.
Posttranslational processing by proteolysis is necessary for the
morphogenesis of many phages (Black et al., 1994). Consistently,
several N-terminal residues in the conceptual translation of these
ORFs were missing in the experimentally determined N-terminal
sequences: 31 aa from ORF133, 1 aa from ORF121, 2 aa from ORF135,
95 aa from ORF136, 14 aa from ORF108, and 11 aa from ORF140. No
significant sequence homology was found for these ORFs except for
ORF108 (A0QTB9_MYCS2, Mycobacterium smegmatis topoisomerase
IB, E-value of 5e-06) and ORF140 (NP_944106, tail sheath protein
(gp18) of bacteriophage Aeh1, E-value of 8e-30). The 33.0-kDa
protein band (ORF136) represents the most abundant protein, thus
likely corresponding to the major capsid protein. ORF136 (362 aa)
showed no significant database homolog; its BLAST best hit was the
putative sigma54 specific transcriptional regulator from Clostridium
with an E-value of 0.8, which was not considered significant.
Interestingly, this 33.0-kDa protein appears to be produced by a
cleavage after a Gly residue (aa position 95 of ORF136), which is also
the conserved residue in the proteolytic cleavage site of phage T4
head protein (Black et al., 1994). In support of this prediction that
ORF136 corresponds to the major capsid protein, we found a marginal
homology (Z score 3.76; 90% confidence) between ORF136 sequence
(after removing the N-terminal 95 residues) and a putative capsid
protein of Escherichia coli CFT073 prophage (PDB 3BQW) with the use
of a sequence-structure homology recognition method (FUGUE,
http://tardis.nibio.go.jp/fugue/). The 6 ORFs identified by our proteo-
mic analysis and ORF142 encoding tail tube protein were found to be
clustered in a clockwise orientation in the genome (55 kbp–90 kbp;
Fig. 3). Other putative structural proteins are located in different
parts of the genome: ORF054 encoding phage tail assembly protein is
located in a clockwise orientation at a position around 26 kbp, and
four ORFs (ORF194 for tail fiber assembly protein, ORF195 for tail
fiber, ORF199 for base plate assembly protein), and ORF204 for a
tail protein are located in a counterclockwise orientation at positions
from 130 kbp to 145 kbp (Fig. 3). Finally, ORF171 and ORF182 were
similar to tail fiber proteins from T4 (gp36, Q19CF5, E-value 1e-07)
phytopathogen Ralstonia solanacearum defines a new lineage of the
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Table 1
Features of ϕRSL1 ORFs, gene products, and functional assignments.

Functions CDS Strand CDS start
position

CDS stop
position

Length (aa) Amino acid sequence identity/
similarity to best homologs

Accession
no.

BLAST score
(E-value)

DNA replication, recombination,
and repair enzymes

RSL1_ORF035 + 15643 16605 320 Helicase superfamily c-terminal domain like cd00079 3.00E-04
RSL1_ORF065 + 32521 34398 625 NAD-dependent DNA ligase [EC:6.5.1.2] COG0272 9.00E-35
RSL1_ORF108 + 56561 582340 559 Topoisomerase IB cd00659 3.00E-17
RSL1_ORF129 + 70925 75592 1555 DEAD-like helicases superfamily COG0553 8.00E-12
RSL1_ORF149 − 89031 90374 447 Replicative DNA helicase (DnaB like) COG0305 1.00E-15
RSL1_ORF153 − 91500 93029 509 DEAD-like helicases superfamily COG1061 1.00E-31
RSL1_ORF157 − 94443 95510 355 Beta clamp domain-like cd00140 5.00E-05
RSL1_ORF161 − 97707 99971 754 SbcC (ATPase involved in DNA repair) like COG0419 2.00E-07
RSL1_ORF166 − 101309 102397 362 DNA polymerase III gamma/tau

subunit-like (DnaX-like)
COG2812 2.00E-30

RSL1_ORF177 − 109438 110190 250 5′–3′ exonuclease cd00008 5.00E-32
RSL1_ORF215 − 152058 152660 200 RuvC_resolvase like cd00529 8.00E-04
RSL1_ORF221 − 156275 157720 481 Rec A-like recombinase COG0468 2.00E-10
RSL1_ORF253 − 178266 179303 345 DNA primase (DnaG-like) COG0358 3.00E-08
RSL1_ORF256 − 180391 183543 1050 DNA polymerase I [EC:2.7.7.7] cd06444 1.00E-29
RSL1_ORF291 − 199985 201238 417 RecD (endodeoxyribonuclease V) like COG0507 5.00E-22
RSL1_ORF295 − 202619 204433 604 DEAD-like helicases superfamily COG1061 7.00E-04
RSL1_ORF296 + 204970 205983 337 Recombination endonuclease like Q06ER8 2.00E-05
RSL1_ORF333 + 222295 224943 882 DNA gyrase subunit B COG0187 3.00E-74
RSL1_ORF335 + 225283 226827 514 DNA gyrase subunit A smart00434 3.00E-59

Phage structural proteins RSL1_ORF054 + 25897 26433 178 Appr-1-pase family/phage tail
assembly-like protein

cd02900 2.00E-19

RSL1_ORF140 + 83105 85051 648 Tail sheath protein pfam04984 1.00E-29
RSL1_ORF142 + 86151 86660 169 Tail tube protein pfam06841 2.00E-06
RSL1_ORF171 + 104083 107754 1223 Small distal tail fiber subunit YP_142853 7.00E-10
RSL1_ORF182 + 112143 116903 1586 Unknown (weak matches to tail

fiber proteins)
YP_0012857 7.00E-08

RSL1_ORF194 − 131919 132695 258 Tail fiber assembly-like protein YP_717766 9.00E-06
RSL1_ORF195 − 132703 134199 498 Phage tail collar domain pfam07484 1.00E-13
RSL1_ORF199 − 138378 138830 150 Baseplate assembly protein W-like PHA00415 6.00E-07
RSL1_ORF204 − 141995 143338 447 Phage-related tail protein A9ABJ4 3.00E-28

Nucleotide metabolism RSL1_ORF113 + 61145 61582 145 Deoxycytidylate deaminase domain like cd01286 4.00E-26
RSL1_ORF230 − 163104 164348 414 Thymidylate synthase cd00351 3.00E-29

NAD salvage pathway RSL1_ORF104 + 52511 53626 371 Bifunctional NMN adenylyltransferase
[EC:2.7.7.1]/Nudix hydrolase [EC:3.6.1]

PRK05379 1.00E-94

RSL1_ORF106 + 54148 55566 472 Nicotinate phosphoribosyltransferase PRK09198 E-152
RSL1_ORF109 + 58252 58755 167 MutT/NUDIX hydrolase family protein pfam00293 8.00E-09

Lipid metabolism RSL1_ORF083 + 42124 42387 87 Acyl carrier protein CHL00124 1.00E-12
RSL1_ORF261 − 186212 186385 57 CDP-diacylglycerol-glycerol-

3-phosphotransferase
Q4UV59 1.00E-05

Sugar and polysaccharide
metabolism

RSL1_ORF232 − 165261 166118 285 Sulfotransferase-like pfam03567 3.00E-06
RSL1_ORF234 − 166983 167750 255 Glucosyltransferase Q5DN83 1.00E-08
RSL1_ORF235 − 167743 168465 240 Nucleotidyl transferase/lipopolysaccharide

biosynthesis protein
COG1208 2.00E-09

Q4HLF0 2.00E-14
RSL1_ORF236 − 168468 169901 477 Nucleoside-diphosphate-sugar pyrophos

phorylase-like/Capsular polysaccharide
biosynthesis protein

Q8VW65 2.00E-50

RSL1_ORF237 − 169902 170801 299 Glucosyltransferase Q5DN83 3.00E-12
RSL1_ORF238 − 170803 171498 231 Adenosine 5′-phosphosulfate kinase COG0529 8.00E-13

Miscellaneous RSL1_ORF122 + 67489 67806 105 HNH endonuclease cd00085 7.00E-05
RSL1_ORF332 + 221741 222283 180 HNH endonuclease with an additional

AP2 domain
PHA00280 8.00E-06

RSL1_ORF318 + 215444 215740 98 Transposase pfam01527 8.00E-05
RSL1_ORF181 + 111450 112127 225 Chitinase like COG3179 1.00E-26
RSL1_ORF016 + 6237 6590 117 Helix–turn–helix XRE-family like protein cd00093 2.00E-04
RSL1_ORF045 + 20864 21676 270 Metal dependent phosphohydrolases like cd00077 7.00E-04
RSL1_ORF052 + 24276 25397 373 Glutathionylspermidine synthase [EC:6.3.1.8] pfam03738 E-115
RSL1_ORF110 + 58761 60203 480 Homospermidine synthase [EC:2.5.1.44] pfam06408 E-140
RSL1_ORF082 + 40868 42121 417 Unknown, uncharacterized conserved

protein (RtcB)
COG1690 E-104

RSL1_ORF091 + 44837 46096 419 ATPase (AAA superfamily) COG0714 1.00E-12
RSL1_ORF101 + 51051 52001 316 TRAP transporter solute receptor like COG2358 4.00E-12
RSL1_ORF102 + 52129 52299 56 Plasmid maintenance system antidote

protein like
B5S671 4.00E-06

RSL1_ORF283 − 195482 195826 114 cof, HAD family hydrolase COG0561 6.00E-04
RSL1_ORF290 − 198606 199964 452 RyR domain pfam02026 1.00E-06

tRNA RSL1_RNA1 − 186298 186376 tRNA-Gly (anticodon:TCC)
RSL1_RNA2 − 186387 186459 tRNA (Pseudogene)
RSL1_RNA3 − 186526 186606 tRNA (anticodon:TGG)
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Fig. 5. Identification of ϕRSL1 virion proteins. Proteins from purified ϕRSL1 particles
were separated by SDS-PAGE (12% acrylamide gel) and stained with Coomassie blue.
The molecular size of each marker protein (an Amersham LMW gel filtration kit) is
indicated on the left. The determined N-terminal amino acid sequences of six protein
bands (corresponding to ORF108, ORF121, ORF133, ORF135, ORF136, and ORF140) are
indicated on the right with ORF IDs. Estimated molecular size for each ϕRSL1 virion
proteins is indicated in the middle.
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and from Phormidium phage (YP_0012857, E-value 7e-08),
respectively.

Predicted genes for other metabolic functions

Nucleotide metabolism
T4 and T4-like phages havemany enzyme genes for the acquisition

of nucleotides used to replicate genomic DNA. Phage-encoded
enzymes function to fill the deoxynucleoside triphosphate pool by
acting on deoxynucleoside monophosphates from host DNA degra-
dation and on nucleoside diphosphates from host mRNA decay
(Greenberg et al., 1994). ϕRSL1 has a thymidylate synthase homolog
(ThyA, EC 2.1.1.45, ORF230) and a deoxycytidine triphosphate
deaminase homolog (EC 3.5.4.13, ORF113). Thymidylate synthase is
involved in an important step of the de novo dTMP biosynthesis where
it catalyzes the methylation of dUMP to generate dTMP. ORF230
showed the highest amino acid sequence similarity to gp17 of the P.
aeruginosa siphovirus phage YuA (A9J517, E-value 1e-72) as well as to
ThyA of the host bacterium R. solanacearum (A3RUA7, E-value 6e-22).
Fig. 6. Comparison of the amino acid sequence of ORF181 (chitinase-like protein) with relate
plasmid of B. vietnamiensis G4 (accession no. A4JWE6); Xc, X. campestris pv. campestris (a
stabilizing residues of T4 lysozyme are indicated below the alignment. The chitinase family 19
is indicated by a red box. Asterisks indicate identity and dots conservative substitutions.
references to colour in this figure legend, the reader is referred to the web version of this a
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Despite the presence of a ThyA homolog, no homologs were found in
ϕRSL1 for dihydrofolate reductase (EC 1.5.1.3), thymidylate kinase
(EC 2.7.4.9), or ribonucleoside-diphosphate reductase α/β chains (EC
1.17.4.1), which are encoded by T4. Homologs to the T4 Alc, Ndd,
endonuclease II (denA), and endonuclease IV (denB) proteins were not
found in ϕRSL1.

NAD+ salvage pathway
ϕRSL1 appears to encode pyridine nucleotide (NAD+) salvage

pathway. ϕRSL1 has a nicotinate phosphoribosyltransferase homolog
(EC 2.4.2.11; ORF106) and an NMN adenyltransferase homolog (EC
2.7.7.1; ORF104), which likely serve for the synthesis of NAD+

(Penfound and Foster, 1996). Being close to these ORFs, there is a
homolog (ORF109) for Nudix hydrolases, which would recycle NADH
back to precursors (Frick and Bessman., 1995), and a homolog
(ORF101) for tripartite ATP-independent periplasmic transporter
(TRAP-T) solute receptors. TRAP-T represents a novel type of
secondary active transporter that functions in conjunction with an
extracytoplasmic solute-binding receptor. The best characterized
TRPT-T family member is that of R. capsulatus specific to C4-
dicarboxylates (Forward et al., 1997). ORF101 may help transporting
precursors of NAD+. These ORFs appear to be assembled in an operon
in region I and intermediate–late transcription was confirmed at least
for ORF104 and ORF106. NAD+-recruitment may help the activity of
the ϕRSL1-encoded NAD+-dependent DNA ligase (ORF065). A similar
set of enzymes involved in the pyridine nucleotide salvage pathway
has been reported for vibriophage KVP40 (Miller et al., 2003a).

Lysis proteins
ORF181 shows significant homology to chitinases (EC 3.2.1.14,

family 19 glycoside hydrolase) from bacteria such as Pseudomonas
fluorescens Pf-5 (Q4KA35, E-value 2e-27), Burkholderia vietnamiensis
plasmid pBVIE05 (A4JWE6, E-value 4e-24), Magnetospirillum gryphis-
waldense (A4TVX0, E-value 4e-21), and Deinococcus radiodurans
(Q9RZ37, E-value of 2e-20). ORF181 also shows homology, albeit
with lower statistical significance, with phage-encoded lytic enzymes
such as R-type pyocin of P. aeruginosa (Q9S558, E-value 3e-18), lys of
a prophage in Xanthomonas campestris pv. campestris (Q8P6J1, E-
value 1e-16), and lys of a prophage in S. maltophilia K279a (B2FIY9, E-
value 2e-16). We generated a sequence alignment of ORF181 with its
close homologs and T4 lysozyme (EC 3.2.1.17) (Fig. 6). We found that
ORF181 and its close homologs do not share the T4 lysozyme catalytic
residues (E11 and D20) and stabilizing residues (Y18, T21, T26, E128,
and T142) (Wozniak et al., 1994). On the other hand, the presence of
the chitinase family 19 signature 2 ([LIVM]-[GSA]-F-x-[STAG](2)-
[LIVMFY]-W-[FY]-W, PROSITE PS00774) was confirmed for ORF181
d sequences in the databases. Pf-5, P. fluorescens Pf-5 (accession no. Q4KA35); pBVIE05,
ccession no. Q8P6J1); T4, lysozyme of phage T4 (accession no. P00720). Catalytic and
signature 2 [LIVM]-[GSA]-F-x-[STAG](2)-[LIVMFY]-W-[FY]-W (accession no. PS00774)
Conservative scores are also drawn below the alignment. (For interpretation of the
rticle.)
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(Fig. 6). When ORF181 was cloned in E. coli BL21 with a plasmid
vector pGEX4T-3 and its expression was induced by adding IPTG to
the medium, the rod-shaped bacterial cells became round-shaped,
frequently bound to each other and formed large aggregates
(Supplementary Fig. S2). These results suggest that ϕRSL1 ORF181
encodes a chitinase-like bacterial lytic enzyme. In addition, ORF172
shows marginal amino acid sequence similarity to part of the α-1,3-
glucosidase of Bacillus circulans (Q0WYG9, E-value 2e-04). The B.
circulans enzyme contains carbohydrate binding modules of families
32 and 35 and a catalytic site of family 87 glycosyl hydrolases (Yano et
al., 2006). It has been demonstrated that this enzyme, notably in
combination with chitinase I, actively digests the cell wall and forms
protoplasts from Schizophyllum commune.

Homing endonucleases
ORF122 and ORF332 of ϕRSL1 showed a conserved H-N-H motif of

group I intron homing endonucleases from many bacteriophages
(Lambowitz and Belfort, 1993; Clyman et al., 1994). The first
prokaryotic case of a group I self-splicing intron was found in the
thymidylate synthase gene of T4 phage (Chu et al., 1984). The T4
intron-encoded endonucleases are involved in the mobility (homing)
of the intron into other sites. The presence of homing enzyme-like
ORFs in ϕRSL1 suggests that this phage may contain group I intron or
other related mobile sequences. We examined ORF230 encoding a
thymidylate synthase-like sequence by comparing its DNA and amino
acid sequences with those of other phages or bacteria. However, no
sequence/structural features of group I intron or inteinswere detected
in this gene. In addition, ORF318 was similar to IS3/IS911 family
insertion sequences.

Lipid metabolism
ϕRSL1 have several ORFs showing amino acid sequence similar-

ities to proteins involved in lipid metabolism. Those include ORF083
(Acyl carrier protein, ACP, EC 1.3.99.3), and ORF261 (CDP-diacylgly-
cerol-glycero-3-phosphate 3-phosphatidyltransferase, EC 2.7.8.5).
CDP-diacylglycerol-glycero-3-phosphate 3-phosphatidyltransferase
participates in glycerophospholipid metabolism and catalyzes the
following reaction: CDP-diacylglycerol+sn-glycerol 3-phospha-
te=CMP+3(3-sn-phosphatidyl)-sn-glycerol-sn-glycerol 1-phos-
phate. Currently, there is no information available about changes in
lipid or lipopolysaccharide metabolism of phage-infected host cells or
presence of lipid or lipoproteins in ϕRSL1 particles.

Carbohydrate metabolism and sulfonation
A cluster of ORFs in region IV (ORF232–ORF234–ORF235–ORF236–

ORF237–ORF238) appears to be involved in carbohydrate metabolisms.
ORF234 andORF237 are similar to glucosyl transferase of bacteriophage
ϕJL001 infecting a sponge-associated alpha-proteobacterium (Lohr
et al., 2005). ORF235 is homologous to dolichol phosphate mannose
(DPM) synthase (EC 2.4.1.83) of Leifsonia xyli subsp. xyli (Q6AH85, 1e-
11). DPMsynthase is required inN-glycosylation,O-mannosylation, and
glycosylphosphatidylinositol membrane anchoring of protein. ORF236
is similar to the capsular polysaccharide biosynthesis protein of Pas-
teurella piscicida (Q8VW65, 6e-50). ORF238 is similar to adenylylsulfate
kinases (EC 2.7.1.25). Adenylylsulfate kinase or ATP:adenosine-5′-
phosphosulfate 3′-phosphotransferase is an enzyme involved in the
sulfate activation pathway and performs the following reaction: ATP+
adenylylsulfate=ADP+3′-phosphoadenylylsulfate (PAPS) (Leyh
et al., 1988). PAPS serves as the universal sulfonate donor molecule
required for all sulfonation reactions (Farooqui, 1980). Many sugar
sulfation reactions are also known to use PAPS as a co-factor (Strott,
2002). Interestingly, another ORF (ORF232) shows a significant
sequence similarity to a carbohydrate sulfotransferase of Xenopus
tropicalis (Q28G00, E-value 3e-5). Sulfated metabolites are known to
serve as key modulators of interactions between plants and
symbiotic/pathogenic bacteria (Schelle and Bertozzi, 2006), thus
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
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suggesting that these ϕRSL1 ORFs may contribute to the pathogenicity
of its host.

Homospermidine synthase
TwoORFs encoded in region I appear to be involved in spermidine-

related metabolism. ORF052 is similar to glutathionylspermidine
synthase (EC 6.3.1.8) (A0YLT5, E-value 1e-108). This enzyme
participates in glutathione metabolism and catalyzes the following
reaction: glutathione spermidine+ATP=glutathionylspermidine+
ADP+phosphate. ORF110 shows similarity to homospermidine
synthases (EC 2.5.1.44) (A1SAY3, E-value of 1e-115). This enzyme is
an NAD+-dependent enzyme and catalyzes the formation of homo-
spermidine from putrescine. Homospermidine, unlike the more
common polyamines putrescine, spermidine and spermine, occurs
in a few but distantly related organisms and is used as a specific
chemotaxonomic marker in certain bacterial taxa, such as the alpha-
proteobacteria including photosynthetic bacteria, Agrobacterium,
Rhizobium, and cyanobacteria. In R. solanacearum (beta-proteobacter-
ium), the occurrence of homospermidine is not known. The im-
portance of polyamines including homospermidine in virus
replication has been documented in literature (reviewed in Cohen,
1998). Virus-encoded enzymes involved in the polyamine synthesis
were first found in a member of NCLDV, Chlorella virus PBCV-1 (Kaiser
et al., 1999). Chlorella viruses are also known to have a giant dsDNA
genome (300–380 kbp) encoding more than 300 genes, many of
which are unexpected for a virus (Yamada et al., 2006). Although
biological functions of virus-encoded polyamine synthesis enzymes
and their products are currently unknown, it is interesting to note that
a homospermidine synthase protein is a major component of PBCV-1
virion (Dunigan, D.D. et al., unpublished results), implying that the
homospermidine synthase protein may have a structural role in the
life cycle of PBCV-1.

MoxR AAA+ type chaperon system
ORF082 is similar to the RtcB protein of Halovirus HF1

(NP_861650, E-value 1e-31). RtcB is associated with RtcA protein
that has an enzymatic activity of RNA 3′-terminal phosphate cyclase
involved in the ATP-dependent conversion of the 3′-phosphate to the
2′, 3′-cyclic phosphodiester at the end of various RNA substrates
(Genschik et al., 1998). ORF091 is similar to Mox-R-like ATPase of
Thermus phage YS40 (NP_874121, E-value 2e-05). MoxR AAA+
ATPase family proteins generally function with VonWillebrand Factor
Type A (VWA) domain-containing proteins to form a chaperone
system, which has an important role in the folding or activation of
proteins and protein complexes by mediating the insertion of metal
cofactors into the substrate molecules. MoxR AAA+ family members
are found throughout Bacteria and Archaea, but have not yet been
detected in Eukaryota (Snider and Houry, 2006). Several ϕRSL1 ORFs
are similar to proteins of the host bacteria or their relatives; ORF016
showed similarity to a transcription regulator (helix–turn–helix
protein) of XRE family of Ralstonia pickettii (B2UJ28, E-value 2e-07).
This ORF was expressed early in ϕRSL1 infection and most probably
involved in the transcription regulation of ϕRSL1 genes. ORF171 is
similar to the hemagglutinin-related autotransporter of R. solana-
cearum (Q8Y366, E-value 6e-21). ORF102 is similar to putative proteic
killer active protein of Limnobacter sp. (Burkholderiaceae, accession
no. A6GUP6, E-value 8e-05) or plasmid maintenance antidote protein
of Ralstonia eutropha (Q0K0W4, E-value 0.03).

Phage-encoded tRNAs
TheϕRSL1 genome contains two tRNA genes [Gly (GGA) (positions

186, 301–186, 376, complement strand) and Pro (CCA) (positions 186,
529–186, 606, complement strand)] and one tRNA pseudogene
showing a large sequence divergence from known tRNA sequences
(HMM score=2.98, see Materials and methods). In some bacterio-
phages, for example in T4 (Mosig, 1994), phage encoded tRNAs are
phytopathogen Ralstonia solanacearum defines a new lineage of the
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suggested to play a role in compensating codon-usage gaps between
host and phage genomes. By encoding its own tRNA species
corresponding to abundant phage codon types, phage may be able
to efficiently replicate in a broad range of hosts. However, the codon
usage of ϕRSL1 showed that both GGA-Gly (0.95%) and CCA-Pro
(0.78%) are the rarest ones. These tRNAs might be used to incorporate
unusual amino acids into phage proteins (Cathopoulis et al., 2007).

Transcription of ϕRSL1 genes

We performed an expression assay using a DNA microarray to
characterize transcription patterns of ϕRSL1 genes during infection
cycle. R. solanacearum MAFF730138 was used as a host, as this strain
gave a better quality RNA preparation compared with strain M4S.
Total RNA samples were extracted from MAFF730138 cells infected
with ϕRSL1 at 10 min p.i., 30 min p.i., and 90 min p.i. We used a
40×55 array chip, with 1100 distinct sequence probes in duplicate.
Each of the ORFs in the ϕRSL1 genome was represented by about 1 to
5 distinct probes of 35 to 40 nucleotide-long in the array chip. Only
reproducible signals were considered in our analysis. Table 2 shows
lists of ORFs with more than twofold increase or decrease in signal
intensity across different times points. We found that most genes
showing early expression (10–30 min p.i.) and later repression by
90 min p.i. (designated as early-intermediate genes) were confined
within region I except for ORF170 in region II, ORF176, ORF188–
ORF189–ORF191 in region III, and ORF236, ORF293–ORF294–ORF295
in region IV. In contrast, genes that showed increased expression
during 30–90 min p.i. (designated as intermediate–late genes) were
mostly concentrated around both extremities of region I, as well as
in the entire region IV (Table 2 and Fig. 3). The intermediate–late
genes also included several genes located in region II (ORF146,
ORF147, ORF151, and ORF161) and region III (ORF171, ORF186 and
ORF187). We also confirmed that putative genes for phage structural
proteins were of intermediate–late genes. Genes involved in DNA
metabolism were also intermediate–late, except for ORF065, which
encodes NAD+-dependent DNA ligase.
Table 2
Expression of ϕRSL1 genes determined by DNA microarray analysis.

ORFs showing more than twofold increase in expression

10 min p.l.–90 min p.l. 30 min p.l.–90 min p.l.

ORF008 ORF204 ORF058 ORF226
ORF015 ORF209 ORF104 ORF230
ORF035 ORF219 ORF106 ORF232
ORF058 ORF222 ORF107 ORF246
ORF059 ORF230 ORF128 ORF249
ORF070 ORF249 ORF129 ORF250
ORF104 ORF250 ORF132 ORF253
ORF106 ORF253 ORF133 ORF256
ORF107 ORF256 ORF134 ORF258
ORF128 ORF258 ORF135 ORF259
ORF132 ORF265 ORF136 ORF265
ORF133 ORF266 ORF137 ORF266
ORF134 ORF270 ORF140 ORF271
ORF135 ORF271 ORF141 ORF280
ORF136 ORF280 ORF142 ORF281
ORF137 ORF281 ORF146 ORF282
ORF140 ORF282 ORF147 ORF287
ORF141 ORF289 ORF151 ORF299
ORF142 ORF299 ORF171 ORF326
ORF146 ORF326 ORF187 ORF327
ORF147 ORF327 ORF203 ORF329
ORF151 ORF329 ORF204 ORF335
ORF161 ORF331 ORF209
ORF171 ORF334 ORF213
ORF186 ORF341 ORF219
ORF187 ORF342 ORF221
ORF203 ORF222
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Prediction of transcriptional regulation and validation

ϕRSL1 ORFs are tightly spaced along the genome. However, there
are several relatively large (N100 bp) and apparently noncoding
regions in the genome. A spacer region between genes is usually
occupied by regulatory sequences such as promoters and terminators.
By taking advantage of expression data described above, we examined
these long spacer regions for the presence of putative regulatory
sequences. We identified several conserved sequences in upstream
regions of early-intermediate genes. One typical example is shown in
Fig. 7A, which represents one of the simplest cases among those we
identified. A 100-bp region between the translation stop codon of
ORF036 and the initiation codon of the following ORF037 (positions
110,482–110,760, region I) contains a potential stem-loop terminator
for ORF036 and three sequence elements, GCATAAT, GTACAC, and
CTCCCATGCGAAACGGAG that are conserved across different spacers.
The sequence of GGAG of the last element overlaps the SD of ORF037.
Exactly the same elements placed in the same order were found in the
intergenic regions of ORF017–ORF018, ORF059–ORF061, and
ORF299–ORF300, all of which are located in the region I encoding
many early-intermediate genes. Similar elements were also found in
the upstream regions of ORF115 and ORF295 as well as in the
intergenic regions of ORF086–ORF087, ORF187–ORF188, ORF294–
ORF293, ORF315–ORF316, and ORF324–ORF325. ORFs downstream of
these putative regulatory sequences were found to be expressed as
early-intermediate genes. In contrast, these sequence elements were
not always found in the upstream region of early-intermediate genes.
ORF232 and ORF295 (region IV) seem to contain usual σ70-type
promoter elements (data not shown). ORF295 thus may contain
multiple promoter elements.

As for the intermediate–late gene expression, we identified two
sets of possible promoter elements. The first one is represented by that
found in an intergenic region between ORF221 and ORF219 located in
region IV. As seen in Fig. 7B, within an approximately 90-bp region,
there is a ρ-independent terminator-like stem-loop element, and a
CTTCAT element approximately 20-bp upstream of SD sequence of
ORFs showing more than twofold decrease in expression

10 min p.l.–90 min p.l. 30 min p.l.–90 min p.l.

ORF018 ORF305 ORF018 ORF317
ORF042 ORF306 ORF019 ORF318
ORF045 ORF307 ORF020 ORF319
ORF053 ORF315 ORF024 ORF320
ORF055 ORF316 ORF025 ORF338
ORF061 ORF026 ORF340
ORF065 ORF028
ORF073 ORF034
ORF087 ORF037
ORF091 ORF039
ORF096 ORF041
ORF115 ORF042
ORF116 ORF052
ORF117 ORF053
ORF119 ORF063
ORF170 ORF065
ORF173 ORF087
ORF188 ORF089
ORF189 ORF091
ORF191 ORF293
ORF236 ORF300
ORF294 ORF301
ORF295 ORF303
ORF297 ORF305
ORF300 ORF307
ORF301 ORF315
ORF303 ORF316

phytopathogen Ralstonia solanacearum defines a new lineage of the
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Fig. 7. Promoter sequences of ϕRSL1 genes. (A) The ORF036–ORF037 region containing
a ρ-independent terminator (underlined) and three promoter elements (boxed). The
termination codon (TGA) of ORF36, the initiation codon of ORF37, and Shine Dalgarno
sequence are indicated. ORF37 showed an early-intermediate gene expression pattern.
(B) The ORF221–ORF221 region (on the complementary strand) is shown. Elements are
indicated as in (A). ORF221 showed an intermediate–late expression pattern. (C) The
ORF128–ORF129 region is shown. Elements are indicated as in (A). ORF129 showed an
intermediate–late expression pattern. (D) Expression of GFP by ϕRSL1 promoters. R.
solanacearum cells transformed by pRSS12–ORF037 promoter (pORF037), pRSS12–
ORF221 promoter (pORF221), or pRSS12–ORF129 promoter (pORF129) were infected
with ϕRSL1 and GFP fluorescence emission from the cells was monitored at several
times post infection. Control, non-transformed R. solanacearum cells.
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ORF219. A similar set of elements was also found in the intergenic
region between ORF223–ORF222, but in this case, the possible
promoter sequence was CATCAT. Both ORF221 (in an operon with
ORF219) and ORF223 showed intermediate–late expression patterns
(Table 2). This type of elements (a terminator-CTTCAT located 20–
30 bp upstream of SD sequence) were detected in the intergenic
regions of ORF034–ORF035 (TCACAT), ORF209–ORF208 (TTCCAT),
ORF228–ORF226 (CTTCAT), ORF231–ORF230 (TTCCAT), ORF233–
ORF232 (CTTCATCAT), ORF261–ORF259 (CCTCAT), ORF273–ORF271
(CATCAT), and ORF340–ORF341 (CATCAT). All of the ORFs following
these putative regulatory elements (such as ORF035) and their
following ORFs in an operon showed an intermediate–late expression
patterns (Table 2). It is noteworthy that most ORFs with these
elements are located in region IV. The other set of elements is
illustrated by the one found in the intergenic region of ORF128–
ORF129 (Fig. 7C). A sequence element TATCAAAT is present down-
stream of a ρ–independent terminator-like stem-loop and followed by
25 nucleotides before SD-sequence. Similar elements (a terminator-
TATCAAAT-like sequence located 20–30 bp upstream of SD sequence)
were also detected in intergenic regions of ORF057–ORF058 (ATA-
CAAAG), ORF69–ORF70 (TACAAAA), ORF139–ORF140 (CACAAAC),
ORF170–ORF171 (CATCAAAT), ORF298–ORF299 (ATCCAAAT),
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
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ORF324–ORF325 (TTCAGAAT), ORF328–ORF329 (CATCAAGG), and
ORF334–ORF335 (TCGCAAAC). All the ORFs immediately downstream
of these elements and their following ORFs in an operon showed
intermediate–late expression. Most of these genes are confined in
region I of the ϕRSL1 genome.

We examined the activity of the predicted three types of
promoters using a GFP-expressing single-copy plasmid pRSS12
(Kawasaki et al., 2007, 2009), where the lac promoter for gfp
expression was replaced with a ϕRSL1 promoter sequence. Bacterial
cells transformed with plasmids pORF037 (containing the predicted
early-intermediate promoter of ORF037), pORF221 (containing the
first type of the predicted intermediate–late promoter of ORF221),
and pORF129 (containing the second type of the predicted interme-
diate–late promoter of ORF129) showed GFP fluorescence at a
relative intensity (with a control of lac as 100) of 350, 310, and
250, respectively. After infection with ϕRSL1, GFP fluorescence
intensity retained almost the same levels in cells containing
pORF037, whereas cells with pORF221 or pORF129 showed increased
GFP fluorescence after 120 min p.i. (a 30- to 60-min time lag from
DNA microarray data) (Fig. 7D). Increased expression of GFP driven
by the promoter of ORF221 or ORF129 at late stages of ϕRSL1
infection was also observed for plaques formed on plates, where only
cells at the rim of each plaque showed strong GFP fluorescence in
both cases (Supplementary Fig. S3). In the case of pORF037-
transformed cells, such a halo was not visible but the bacterial lawn
itself showed GFP fluorescence. These results indicate that the
promoter sequence of the early-intermediate gene ORF037 functions
to express GFP even without ϕRSL1 infection, and that the promoter
sequences of the intermediate–late genes ORF221 and ORF129
actually enhanced the expression of GFP after infection with ϕRSL1
in accordance with the microarray data.

Genome evolution
In addition to homologs for the core genes of T4-like phages

(Filee et al., 2006), the ϕRSL1 genome encodes over 300 different
genes. Our phylogenetic analysis result of PolA, the lack of sequence
similarity between the major capsid protein (ORF139) and known
capsid proteins, and the remarkable abundance of ORFans together
suggest that ϕRSL1 represents a new lineage of Myoviridae.
Although functions could not be predicted for most of those genes
due to the lack of homologs in the current databases, we could
assign predicted functions for some of them. Among them, putative
genes for enzymes involved in the lipid/carbohydrate metabolisms
and the pyridine nucleotide salvage pathway are remarkable. These
and other genes might provide the phage with selective advantages
and possibly play important roles in its stable lytic infection
capability, a characteristic feature of ϕRSL1. Some ϕRSL1-encoded
proteins show detectable homology to a broad phylogenetic range of
microorganisms, as well as in different groups of phages and viruses
(Fig. 4B and Table 2), suggesting a very ancient origin of ϕRSL1. Non-
core genes are found interspersed among clusters of core genes
across the entire genome (Fig. 4). For jumbo phages like ϕRSL1,
vastly large parts of their genomes are occupied by non-core genes.
According to the headful DNA packaging mechanism of T4 (Black
et al., 1994), the capsid size determines the size of the genome to be
densely packaged in it; namely an increase in capsid size is required
to pack a larger genome. Consistently, the dimension of ϕRSL1 capsid
(ϕ150 nm) is significantly larger than that of T4 (90 nm×112 nm). To
increase genome size, a phage may need innovational changes in the
capsid proteins. We identified six proteins including two major
proteins gp136 (33.0 kDa) and gp135 (24.7 kDa) in the ϕRSL1 virion,
which did not show significant sequence similarities to previously
identified phage capsid proteins. Determining the interaction and
assembling of these proteins in the virion and comparison of their
architecture to other phage capsid structures would be a very in-
teresting future issue.
phytopathogen Ralstonia solanacearum defines a new lineage of the
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The ϕRSL1 genome consists of four major genomic regions, each of
which harbors many ORFs in the same orientation (Fig. 3). T4-like
phages shows two genomic regions encoding genes for DNA
replication and for virion structural proteins, respectively (Filee et
al., 2006). In ϕRSL1, the corresponding core genes are distributed in
region II and the left end of region IV for DNA replication proteins and
the right end of region I and the left end of region IV for structural
proteins. This gene organization suggests an ancestral form of ϕRSL1
genome, in which the region II was connected to the right end of
region IV and the right end of region I to the left end of region IV. This
hypothesis is consistent with the distribution of specific promoter
elements as described above. Currently, only a handful of jumbo
phages have been isolated. Jumbo phages might have been missed in
ordinary screenings due to their large size because they diffuse too
slowly in the top agar gels typically used to plaque phages. Reducing
the top agar concentration from 0.7–0.8% to 0.45–0.5% allowed us to
plaque ϕRSL1. A similar observation was reported by Serwer et al.
(2007) for Bacillus phage G. It is very likely that more jumbo phages
will be isolated by adapting these plaquing conditions.

Conclusion

The genome of ϕRSL1 (231,255 bp encoding 343 ORFs) is vastly
different from previously studied dsDNA phages, and our results
suggest that this phage represents an evolutionarily distinct branch of
the Myoviridae. The majority of proteins predicted from the ϕRSL1
genome sequence have no obvious homologs in the current sequence
databases but some showed significant similarity to enzymes involved
in lipid and carbohydrate metabolisms, which are rare in phages. The
genome information of ϕRSL1 will serve as a ground to understand
many aspects of its structure, biochemistry, physiology and evolution.
Especially the molecular basis of its stable and long-lasting lytic
infection can be understood. The complete genome sequence of this
phage readily permits the cloning of individual genes, and help the
construction of mutants and understanding of the functions of many
of its genes.

Materials and methods

Bacterial strains and phages

R. solanacearum strains M4S (Tanaka et al., 1990), MAFF301558,
and MAFF730138 (Yamada et al., 2007) were used as hosts for ϕRSL1
propagation. The bacterial cells were cultured in CPG medium
containing 0.1% casamino acids, 1% peptone, and 0.5% glucose (Horita
and Tsuchiya, 2002) at 28 °C with shaking at 200–300 rpm. An
overnight culture of bacterial cells grown in CPG medium was diluted
100-fold with 100 ml fresh CPG medium in a 500 ml flask. To collect
sufficient phage particles, a total of 2 L of bacterial culture was grown.
When the cultures reached 0.2 unit of OD600, the phagewas added at a
multiplicity of infection (moi) of 0.01–1.0. After further growth for 9–
18 h, the cells were removed by centrifugation with a R12A2 rotor in a
Hitachi himac CR21E centrifuge (Hitachi Koki Co. Ltd., Tokyo, Japan),
at 8000×g for 15 min at 4 °C. The supernatant was passed through a
0.45 μm membrane filter and phage particles were precipitated by
centrifugation with a P28S rotor in a Hitachi CΠ100β centrifuge at
40,000×g for 1 h at 4 °C and dissolved in SM buffer (50mMTris–HCl at
pH 7.5, 100 mM NaCl, 10 mM MgSO4, and 0.01% gelatine). Purified
phages were stored at 4 °C until use. Bacteriophage particles purified
by CsCl-gradient ultracentrifugation (with a P28S rotor in a Hitachi
CP100β ultracentrifuge) were stained with Na-phosphotungstate
before observation in a Hitachi H600A electron microscope according
to Dykstra (1993). λ phage particles were used as an internal standard
marker for size determination. E. coli XL10-Gold and pBluescript II SK
(+) were obtained from Stratagene (La Jolla, CA). E. coli BL21 and
pGEX4T-3 were from Amersham Biosciences (Uppsala, Sweden).
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
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Single-step growth experiment

Single-step growth experiments were performed as described
(Carlson, 1994; Kawasaki et al., 2009) with some modifications. Cells
of R. solanacearum M4S (0.5 U of OD600) were harvested by
centrifugation and resuspended in the fresh CPG (ca. 3×108 CFU/
ml). PhageϕRSL1was added at amoi of 0.01 and allowed to adsorb for
5 min at room temperature. After centrifugation and resuspending in
CPG, the cells were incubated at 28 °C. Samples were taken at 30 min-
intervals up to 6 h and immediately dilutedwith orwithout chlorofolm
treatment, and the titers were determined by the double-layered agar
plate method.

DNA manipulations and sequencing

Standard molecular biological techniques for DNA isolation,
digestion with restriction enzymes and other nucleases, and con-
struction of recombinant DNAs were followed according to Sambrook
and Russell (2001). Phage DNA was isolated from the purified phage
particles by phenol extraction. For genome size determination, the
purified phage particles were embedded in 0.7% low-melting-point
agarose (InCert agarose, FMC Corp, Philadelphia, PA) and after
treatment with proteinase K (1 mg/ml, Merck Ltd., Tokyo, Japan)
and 1% Sarkosyl, subjected to pulsed-fields gel electrophoresis with a
CHEF MAPPER electrophoresis apparatus (Bio-Rad Lab., Hercules, CA)
according to Higashiyama and Yamada (1991). Shotgun cloning and
sequencing was performed at Hitachi High-Tech Fields Corp.
(Tsukuba, Japan) as follows: ϕRSL1 whole genomic DNA was
fragmented by sonication. DNA fragments of ∼2 kb range were
blunt-ended and cloned with pTS1/HincII vector (NipponGene, Wako,
Osaka, Japan) in E. coli cells. Shotgun sequencing of the clones (with
an averaged insert of 2.0 kb) was performedwith a BigDye Terminator
ver 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) in
Applied Biosystem 3700 DNA Analyzer. A total of 3648 sequences
larger than 150 bases were assembled by the use of a phred/phrap/
consed program (http://www.phrap.org). These sequences
(2,718,115 bp) were assembled into 9 contigs (contig 1 of 56,
736 bp in size; contig 2 of 46,325 bp; contig 3 of 26,980 bp; contig 4 of
26,855 bp; contig 5 of 21,477 bp; contig 6 of 16,728 bp; contig 7 of
11,531 bp; contig 8 of 9,039 bp; contig 9 of 7,594 bp). Bridge clones
obtained for contig 2-contig 5, contig 3-contig 4, and contig 7-contig 9
were used to fill the gaps by primer walking. The remaining gaps were
also filled by primer walking using pure ϕRSL1 DNA as template. With
combinations of primers corresponding to each contig end, all
possibilities were tried by PCR. For each gap, at least two different
sets of primers were used to ensure the connection. Twenty-five
rounds of PCR were performed with 1 ng of ϕRSL1 DNA as a template
under the standard conditions in a MY Cycler (Bio-Rad). Nucleotide
sequence of these DNA fragments was determined as described above.
The analyzed sequences corresponded to 12 times the final genome
size of 231,255 bp. Potential ORFs larger than 300 bp were identified
using Glimmer (Delcher et al., 1999) and GeneMark (Besemer et al.,
2001). Homology searches were performed using BLAST/RPS-BLAST
(Altschul et al., 1997) against the UniProt sequence database (UniProt
Consortium, 2007) and the NCBI/CDD database (Wheeler et al., 2007).
The tRNA genes were identified using tRNAscan-SE (Lowe and Eddy,
1997). Multiple-sequence alignments were generated using the
DNASIS program (version 3.6; Hitachi Softwear Engineering, Co.,
Ltd., Tokyo, Japan). A circular genome map was drawn using CGView
(Stothard and Wishart, 2005).

For cloning and expression of ORF184 encoding putative chitinase
in E. coli cells, a 575 bp fragment was amplified from ϕRSL1 DNA by
PCR with a forward primer, 5′-AGG ATC CAT GCG GCT CCA TCG GTC
CAAGGA and a reverse primer, 5′-CGA TAGGAG CGG CCG CTC TAT TCC
TGC TTG. The PCR products were treated with T4 polynucleotide
kinase, ligated to the HincII site of pTWV228 (a low copy number
phytopathogen Ralstonia solanacearum defines a new lineage of the
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plasmid, Takara Bio Inc., Tokyo, Japan)) and introduced into E. coli
XL10-Gold cells. pTWV228–ORF181 isolated from a transformant was
digested with BamHI and NotI and an approximately 600 bp fragment
was ligated to BamHI/NotI sites of pGEX4T-3. Exact in-frame
connection of ORF181 in pGEX4T-3 was confirmed by direct
sequencing of the plasmid. The plasmid was introduced into E. coli
BL21 for expression analyses.

DNA microarray analysis

Total RNA was isolated from 3 ml of ϕRSL1-infected MAFF730138
cells (containing 1×108 CFU infected at moi 4) at 10, 30, and 90 min
post infection (p.i.) using an RNAprotect Bacteria Reagent kit
(Qiagen K.K., Tokyo, Japan) according to the manufacturer's
protocol. The integrity and concentration of total RNA were
measured using a bioanalysis unit (Agilent 2100 Bioanalyser, Aligent
Tech. Palo Alto, CA). Fluorescence-labeled antisense RNA was
synthesized by direct incorporation of Cy5-UTP (GE Healthcare
Bio-Science Corp., Piscataway, NJ), using each RNA sample and an
RNA Transcript SureLABEL Core kit (Takara Bio Inc.). The labeled
antisense RNAs were hybridized simultaneously to the microarray
chip. DNA microarray preparation, hybridization, processing, scan-
ning, and analyses were performed by Filgen Inc. (Nagoya Japan).
For each ϕRSL1 ORF, 1 to 5 coding sequences of 35 to 40 nucleotide-
long were synthesized. A total of 1,100 sequences were put in
duplicate on a 40×55 array chip. The fluorescence images of
hybridized microarrays were obtained with a GenePix 4000B
scanner (Molecular Devices, Sunnyvale, CA). The Array-Pro Analyzer
Ver4.5 (Media Cybernetics, Inc., Silver Spring, MD) was used to
determine the signal intensity of each spot and its local background.
Scan data images were analyzed using Microarray Data Analysis Tool
Ver3.0 software (Filgen Inc.)

Southern and dot blot hybridization

Genomic DNA from R. solanacearum cells was prepared by
minipreparation method according to Ausubel et al. (1995). After
digestion with various restriction enzymes, DNA fragments were
separated by agarose gel electrophoresis, blotted onto a nylon
membrane (Biodyne, Pall Gelman Laboratory, Closter, NJ), hybrid-
ized with a probe (ϕRSL1 genomic DNA) labeled with fluorescein
(Gene Imeges Random Prime labeling kit; Amersham Biosciences
Uppsala, Sweden), and detected with a Gene Images CDP-Star
detection module (Amersham Biosciences). For dot blot hybridiza-
tion to detect nascent phage DNA synthesis in infected cells, the total
DNA (1.0 μg) was directly blotted onto a nylon membrane.
Hybridization was performed in buffer containing 5×SSC, 0.1%
SDS, 5% liquid block and 5% dextran sulfate for 16 h at 65 °C. The
filter was washed at 60 °C in 1×SSC and 0.1% sodium dodecylsulfate
(SDS) for 15 min, and then in 0.5% SSC and 0.1% SDS for 15 min with
agitation according to the manufacturer's protocol. The hybridization
signals were detected by exposing the filter onto an X-ray film (RX-U,
Fuji Film, Tokyo, Japan).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and peptide
sequencing

Purified phage particles were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) (12% polyacrylamide) according to Laemmli
(1970). The separated proteins were transferred to polyvinylidene
difluoride (PVDF) nylon membranes (Immobilon, Nihon Millipore
K.K., Tokyo, Japan) with a semi-dry transfer cell (Bio-Rad). Well
separated protein bands were subjected to N-terminal peptide
sequence analysis on a protein sequencer (Shimadzu Biotech,
Kyoto, Japan). First 5 amino acid residues were read for each
protein sample.
Please cite this article as: Yamada, T., et al., A jumbo phage infecting the
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Promoter activity assay

Putative promoter sequences detected on the ϕRSL1 genomic DNA
were amplified by PCRwith appropriate primer sets (ORF037F, 5′-GCG
GAA TTC CAA CAG TGG CGGGTG C and ORF037R, 5′-TTG GAA TTC CGG
CGG TAA ATA GGG AGG; ORF221F, 5′-GTA GAA TTC CCT TTG CGG CCC
ATC C and ORF221R, 5′-GTG TTG TCC TGT GAA ACT GTG TGC TGT AT;
ORF129F, 5′-TTG GAA TTC CGG CGG AAA TAG GGA GG and ORF129R,
5′-TAG GGC TCC ATT ATC GGT TTT TGG ACT A). The PCR products
including the promoter sequences for ORF037 (positions 16815–
16914), ORF221 (positions 157796–157721), and ORF129 (positions
70779–70923), were individually connected to the EcoRI site of
pRSS12 according to Kawasaki et al. (2007 and 2009), replacing the lac
promoter to express the gfp reporter gene. After introducing the
plasmid into cells of R. solanacearum cells by electroporation as
described previously (Kawasaki et al., 2007), transformants were
selected on CPG plates containing 50 μg/ml kanamycin (Meiji Seika,
Tokyo, Japan). GFP fluorescence of transformed cells (3×107 cells/ml)
wasmeasured using an FP-6500 spectrofluorometer (Jasco, Essex, UK)
or a microplate reader Infinite 200, Wako, Osaka Japan) at 395 nm
excitation and 509 nm emission wave lengths. In some experiments,
the GFP fluorescence intensity was monitored at appropriate intervals
during infection by ϕRSL1.

Bioinformatics analysis

Protein coding genes were predicted using and Glimmer (Delcher
et al., 1999). Homology searches were performed using BLAST/RPS-
BLAST (Altschul et al., 1997) against the UniProt sequence database
(Boutet et al., 2007), the NCBI Genbank/env and the NCBI/CDD
database (Marchler-Bauer et al., 2009). tRNA genes were identified
using tRNAscan-SE (Lowe and Eddy, 1997). tRNAscan-SE reports three
scores: Cove score (based on sequence and secondary structure
conservation), HMM score (based on sequence conservation) and
secondary structure score. A tRNA-like sequence with an HMM score
below 10 bits or with a secondary structure score below 5 bits was
considered as a pseudogene as implemented in tRNAscan-SE. A circular
genome map was drawn using CGView (Stothard and Wishart, 2005).
ORFans were defined as predicted genes lacking detectable homologs
in the UniProt or CDD databases with a threshold E-value of 0.001.

Nucleotide sequence accession number

The sequence data for ϕRSL1 have been deposited in the DDBJ
database under accession no. AB366653 (updated on 9 June, 2009).
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