


tive phage integration site in the host genome revealed
extensive genomic islands in the host and IS elements
among some ocean Prochlorococcus and Synechococ-
cus genomes at this location. Particularly striking are the
IS element hot-spots in SynRS9917 where the comingling
components of the cyanobacterial ‘mobilome’ revealed
evidence of prophages under IS element attack, as well
as a possible mechanism for phage-captured ‘host ‘AMGs
central to cyanophage biology (reviewed in Breitbart
et al., 2007).

Experimental procedures

Isolation of the phage and preparation
for genomic sequencing

The siphovirus P-SS2 was isolated from Atlantic Ocean slope
waters (38°10�N, 73°09�W) collected on 17 September 2001
on the R/V Endeavor cruise number 360. The sampled water
was from 83 m depth with a salinity 36.6 ppt and temperature
20.8°C. This water was 0.2 mm filtered and stored at 4°C until
it was used directly in a plaque assay with Prochlorococcus
strain MIT9313 as a host on 12 December 2001. A large,
well-resolved plaque was picked from the lawn of host cells
on 29 December 2001, plaque purified two more times and
stored as a lysate of a P-SS2 clonal stock isolate.

P-SS2 was prepared for sequencing as previously
described (Lindell et al., 2004). Briefly, phage particles were
concentrated from large volume (2 l) lysates using polyethyl-
ene glycol. Concentrated DNA-containing phage particles
were purified from other material in phage lysates using a
density caesium chloride gradient. Purified phage particles
were broken open (SDS/proteinase K), and DNA was
extracted (phenol:chloroform) and precipitated (ethanol)
yielding small amounts of DNA (< 1 ng). A custom 1–2 kb
insert linker-amplified shotgun library was constructed by
Lucigen (Middletown, WI, USA) as described previously
(Breitbart et al., 2002). Additional larger insert (3–8 kb) clone
libraries were constructed from genomic DNA by the Depart-
ment of Energy (Joint Genome Institute, Walnut Creek, CA,
USA) using a similar protocol to provide larger scaffolds
during assembly. Inserts were sequenced by the Department
of Energy Joint Genome Institute from all clone libraries and
used for initial assembly of these phage genomes. The Stan-
ford Human Genome Center Finishing Group (Palo Alto, CA,
USA) closed the genomes using primer walking.

Genome annotation

Gene identification and characterization was done as in Sul-
livan and colleagues (2005). Briefly, protein coding genes
were predicted using GeneMark and manual curation. Trans-
lated ORFs were compared with known proteins in the non-
redundant GenBank and in the KEGG databases using the
BLASTP program. Where BLASTPe-values were high (> 0.001)
or no sequence similarity was observed, ORF annotation was
aided by the use of PSI-BLAST, gene size, domain conserva-
tion, and/or synteny (gene order). Identification of tRNA
genes was done using tRNAscan-SE. Additionally, rho-

independent transcription terminators were identified with
TransTermHP (Kingsford et al., 2007) using default param-
eters. All terminators had a confidence score > 80% with an
energy score of < -15 and a tail score of < -6. Bacterial s70

promoters were predicted using BPROM (Softberry, Mount
Kisco, NY, USA) using default parameters. All intergenic pro-
moters with a linear discriminant function > 3.5 were consid-
ered candidate promoters. Inverted repeats of IS elements
were found using the Palindrome program in the EMBOSS
software suite (Rice et al., 2000). Approximately 200 bp
upstream and downstream of each putative IS element was
fed into Palindrome and the output of many inverted repeats
identified were screened manually to identify those that were
exact matches and at least 7 bp long. Insertion sequence
elements were classified using the ACLAME database BLAST

tool (Leplae et al., 2004). Genome visualizations were done
in Artemis (Rutherford et al., 2000), while comparative
genomics analyses were greatly aided by the tools available
at MicrobesOnline (http://www.microbesonline.org). For
figure labels where genes are denoted as ‘prophage’ or
‘cyanobacterial’, these assignments were made using NCBI
taxonomy lineages of the top 5 BLAST hits. In all cases where
these are denoted, all five top hits were of one of these two
organismal types, cyanobacteria or known temperate phages
or integrated prophages, with e-values < 0.001. The resulting
genome sequence is deposited under GenBank accession
#GQ334450.

Ocean microbial metagenomic analyses

To determine whether P-SS2 occurred in the wild, we queried
the Global Ocean Survey (GOS; Rusch et al., 2007) microbial
surface ocean water metagenomes. We created a database
of all sequenced marine isolates, including Gordon and
Betty Moore Foundation Marine Microbial Initiative genomes,
NCBI marine isolates, and cyanophage available from the
GenBank and CAMERA databases as of November 2008.
Environmental metagenomic reads were blasted (blastall -p
blastn -e 1e-5 -z 25000000000 -m 7 -a 4 -F ‘m L’ -X 150 -U T)
against this database. Best hits to each GOS read were
retrieved and filtered by alignment length. Reads with best
hits to P-SS2 and ProMIT9313 (GenBank ID: NC_005071)
are the focus of this study.

Large terminase (TerL) and group 3 sigma
factor protein phylogenies

Protein alignments were generated using the Promals web
server (Pei and Grishin, 2007; Pei et al., 2007) using default
parameters and manually edited as needed. Amino acid dis-
tance trees were constructed using the PAUP*4.0b10 soft-
ware. Neighbour joining was used to reconstruct distance
trees using minimum evolution as the objective function and
uncorrected distances. Amino acid maximum likelihood
trees were inferred using the CIPRES web portal RAxML
rapid bootstrapping and ML search (Stamatakis, 2006;
Stamatakis et al., 2008) assuming the James-Taylor Thorn-
ton model of substitution using empirical base frequencies
and estimating the proportion of invariable sites from the
data.
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