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Viruses are the most common biological entities in the marine environment. There has not been a global survey of 
these viruses, and consequently, it is not known what types of viruses are in Earth's oceans or how they are distributed. 
Metagenomic analyses of 184 viral assemblages collected over a decade and representing 68 sites in four major 
oceanic regions showed that most of the viral sequences were not similar to those in the current databases. There was 
a distinct “marine-ness” quality to the viral assem blages. Global diversity was very high, presumably several hundred 
thousand of species, and regional richness varied on a North-South latitudinal gradient. The marine regions had 
different assem blages of viruses. Cyanophages and a newly discovered dade of single-stranded DNA phages 
dominated the Sargasso Sea sample, whereas prophage-like sequences were most common in the Arctic. However 
most viral species were found to be widespread. With a majority of shared species between oceanic regions, most of 
the differences between viral assemblages seem ed to be explained by variation in the occurrence of the most common 
viral species and not by exclusion of different viral genom es. These results support the idea that viruses are widely 
dispersed and that local environmental conditions enrich for certain viral types through selective pressure.
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Introduction

M ost m arine  viruses are  phages (bacteriophages) th a t kill 
the h e te ro tro p h ic  and  au to tro p h ic  m icrobes (bo th  B acteria 
and  presum ably  A rchaea) th a t dom ina te  the w orld ’s oceans 
[1], Phages an d  the o th e r  m ajo r m icrobial p re d a to r  guild, 
nanoflagellates, co n tro l the num bers o f m arine  m icrobes to a 
co n cen tra tio n  o f ab o u t ~ 5  X IO5 cells p e r  ml o f surface 
seaw ater [2,3],

Phages affect m icrobial evo lu tion  by in sertin g  them selves 
in to  genom es as p rophages. P rophages o ften  accoun t fo r 
m ost o f the d ifference betw een  stra ins o f the sam e m icrobial 
species [4], and  they can dram atically  change the pheno type 
o f the hosts via lysogenic conversion. F o r exam ple, m any 
nonpa thogens an d  pathogens only d iffer by prophages th a t 
encode exo tox in  genes [5], Phages also affect m icrobial 
evo lu tion  by m oving genes from  host to host. I t has been  
hypothesized  th a t m ost o f the o rp h an  o p en  read in g  fram es 
(ORFans) in m icrob ial genom es are  actually  o f phage orig in  
[6], Phages may also affect m icrob ial evo lu tion  by killing 
specific m icrobes. V arious L o tka-V olterra  m odels, called 
"k ill-th e -w in n er,” p re d ic t th a t as one  m icrob ia l s tra in  
becom es dom inan t, its viral p re d a to r  kills it  an d  leaves 
open  a n iche  th a t can  be used by a re la ted  stra in  th a t is 
res is tan t to the phage [7,8], This m odel may explain  the 
enorm ous m icrodiversity  observed in m icrob ial com m un­
ities [9],

T he adven t o f w hole-com m unity  genom e sequencing  (i.e., 
m etagenom ics) is rap id ly  changing  the way viral and  m icro ­
bial diversity a re  assayed. U sing this approach , it is possible to 
rapidly  characterize  the m etabolic diversity and  com m unity

s tru c tu re  o f any m icrobial ecosystem  [10-19], We stud ied  the 
m arine  viral m etagenom e (viróm e) o f fo u r oceanic regions. 
T he virom es w ere ob ta in ed  by pyrosequencing  u n cu ltu red  
viral assemblages th a t w ere in teg ra ted  over 4,600 km  in 
distance, 3,000 m in dep th , and  over a decade in  tim e in  o rd e r  
to characterize  them  and  identify  p a tte rn s  o f viral d is tr ib u ­
tion  an d  diversity.

Materials and Methods

Samples and Sequencing
Samples were collected from  four oceanic regions (Figure 

1). Briefly, the viral samples were concentrated on tangential 
flow filters (30-100-kD cutoff), distributed into 50-ml tubes 
and stored at 4 °C in  the dark. A single sample was collected  
from  the Sargasso Sea (labeled SAR) on 30 June 2005.

Academic Editor: Nancy A. Moran, University of Arizona, United States of America

Received April 8, 2006; Accepted September 5, 2006; Published November 7, 
2006

DOI: 10.1371 /journal.pbio.0040368

Copyright: © 2006 Angly e t al. This is an open-access article distributed under the 
terms of the  Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author 
and source are credited.

Abbreviations: bp, base pair; PTP, permutation tail probability; ssDNA, single­
stranded DNA

* To whom correspondence should be addressed. E-mail: forest@sunstroke.sdsu. 
edu

a  Current address: University of South Florida, St. Petersburg, Florida, United States 
of America

PLoS Biology | www.plosb io logy.org 2121 November 2006 | Volume 4 | Issue 11 | e368

http://www.plosbiology.org


Marine Viromes

B B C
Siles: 38 
S am ples: 85 
Date: 08/96-07/04  
Depth: 0-245m

Figure 1. S am pling  Sites
The circles re p re s e n t th e  sam p lin g  lo ca tio n s  in th e  S a rg asso  Sea (SAR), 
Gulf o f  M exico (GOM), British C olum bia (BBC), a n d  th e  Arctic O cean . The 
n u m b e r o f s am p les  tak en  a t  each  loca tion  an d  co m b in e d  fo r seq u e n c in g , 
as well as  th e  d a te  a n d  d e p th  ra n g e , a re  sh o w n  in th e  boxes.
DOI: 10.1371/jo u rn a l.pb io .0040368.g001

C hloro fo rm  was added  to this sam ple to stop  m icrobial 
grow th. In teg ra tive  sam ples, rep resen tin g  m ultip le  sites and  
times, w ere assem bled from  the G ulf o f M exico (labeled GOM; 
13 sites; 42 individual samples), the B ritish  C olum bia coastal 
w aters (labeled BBC; 38 sites; 85 individual sam ples), an d  the 
A rctic O cean  (labeled A rctic; 16 sites; 56 indiv idual samples). 
These sam ples rep re sen t the com bined  viral assemblages o f 
fo u r oceanic regions over approx im ate ly  one decade (sample 
details a re  described  in  P ro toco l SI).

V iral partic les w ere pu rified  using  a co m b in a tio n  o f 
f iltra tion  an d  d en sity -dependen t cen trifu g a tio n  ([10]; http:// 
scum s.sdsu.edu/isolation.htm l, accessed 15 S ep tem ber 2006). 
T he cesium  ch lo ride  g rad ien t was designed to recover virions 
w ith densities from  1.35 g ml-1 to 1.5 g ml-1 . V iral DNA was 
iso lated  by a form am ide/C TA B  ex trac tio n  [20], and  the 
resu lting  DNA was am plified w ith G enom iph i and  sequenced 
using p y rophospha te  sequencing  (454 Life Sciences, B ran ­
ford , C onnecticu t, LTnited States) [21] (see P ro toco l SI fo r 
details on  the technology). Each G enom iph i reac tio n  sta rted  
w ith 100-150 ng o f DNA, above the 10 ng recom m ended  by 
the m anu fac tu re r. A to ta l o f 181,044,179 base pairs (bp) o f 
DNA sequence data  was g en era ted  from  the fo u r  lib raries 
(SAR, 42 Mbp; GOM, 27 M bp; BBC, 43 M bp; and  A rctic, 69 
Mbp). T he d ifference in lib rary  size was due to d ifferences in  
n u m b er o f successful reads d u rin g  the pyrosequencing. T he 
1,768,297 sequences h ad  an  average leng th  o f 102 bp. T he 
GOM, BBC, A rctic, an d  SAR m etagenom es are  deposited  on 
the SDSLT C en te r fo r LTniversal M icrobe Sequencing  w ebsite 
a t (h ttp://scum s.sdsu.edu/phage/O ceans, accessed 15 S ep tem ­
b e r  2006).

Bioinformatics
T he m etagenom e sequences from  each o f the lib raries w ere 

com pared  to the SEED n o n re d u n d a n t database an d  en v iron ­
m ental database using BLASTX [22]. T he SEED includes the 
G enBank database sup p lem en ted  w ith  o th e r com ple te  and  
d ra f t genom e sequences. T he env ironm en ta l da tabase con ­
sists o f the m icrob ial assemblages from  the Iro n  M ounta in  
acid  m ine dra inage  [16], Sargasso Sea [17], w hale fall [18], and
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M inneso ta  fa rm  soil [18], All large-scale  co m p u ta tio n a l 
analyses w ere p e rfo rm ed  on  the T e rra p o r t and  N ational 
M icrob ia l P a th o g en  D ata  R esou rce  c lu s te r  a t A rg o n n e  
N ational L aboratory . Indiv idual analyses w ere p e rfo rm ed  on 
a 12-node O rio n  d esk to p  c lu s te r (O rion , S an ta  C lara, 
C alifornia, LTnited States).

These com parisons w ere supp lem en ted  w ith m ore  ex ten ­
sive TBLASTN an d  w ith TBLASTX com parisons [22] o f e ith e r 
selected  p o rtio n s o f the data  against the com plete  non- 
re d u n d a n t d a tabase  o r  the w hole lib ra ry  co m p ared  to 
b o u tiq u e  databases. T he sam e cu to ff E  value was always used 
fo r the sam e database and  BLAST search  m ethod. In  add ition , 
the sequences w ere com pared  to the phage and  p rophage 
sequences from  510 genom es o f the phage genom e database 
(RA Edwards, u npub lished  data). A FASTA file o f these 
genom es is a t http ://scum s.sdsu.edu/phage/O ceans.

Taxonomic Composition o f the Metagenomes
In  an  ap p ro ach  sim ilar to  previous w ork [10-12], the best 

sim ilarity  fo r each m etagenom ic sequence was autom atically  
parsed  an d  assigned as "know n” if  th e re  was a significant 
sim ilarity  (E <  10~ ) to a sequence from  the n o n re d u n d a n t 
nucleo tide  database, else "en v iro n m en ta l” fo r a significant 
sim ilarity  to any env ironm en ta l database sequence, and  else 
"u nknow n” (if there  was no  significant sim ilarity  to any 
database). T he n u m b er o f sim ilarities in  each g ro u p  was then  
co u n ted  (Figure 2A). T hese num bers w ere also averaged fo r 
the fo u r  sam ples. In  a second  step, the sequences from  the 
"know n” g ro u p  w ere classified as viral, bacte ria l, archaeal, o r 
eukaryotic based  on  th e ir  h ighest sim ilarity  (Figure 2B). To 
assess the co n tr ib u tio n  o f the prophages (often sim ilar to 
bac te ria l sequences), TBLASTX was used  to com pare  the 
sequences against the com plete  phage genom e sequences. 
A ny significant sim ilarity  in  the previous fo u r taxonom ic 
groups th a t was also sim ilar to a p rophage  sequence was 
assigned to the p ro p h ag e  g ro u p  instead. T he p rophage  
sequences fo r these analyses w ere ex trac ted  from  com plete  
m icrob ia l genom es. A co m p le te  list is available a t the 
s u p p o r tin g  w ebsite  (h ttp ://scu m s.sd su .ed u /p h ag e /O cean s). 
T he average o f these num bers fo r the fo u r sam ples was also 
calculated.

Assembly and Verification o f Single-Stranded DNA, the 
chpl-Like Microphage from the Sargasso Sea

T he sing le-s tranded  DNA (ssDNA) ch p l- lik e  m icrophage was 
p a rtia lly  assem bled  fro m  all o f the  sequences th a t h ad  
significant TBLASTX sim ilarities (E < K T5). T he assembly 
param eters  w ere a m inim al m atch  percen tage  o f 85% an d  a 20- 
b p  m in im um  overlap  using S equencher 4.0 (Gene Codes, A nn 
A rbor, M ichigan, LTnited States). T hese sequences alone d id  n o t 
resu lt in  the assembly o f a com plete  genom e due to areas w ith 
low sim ilarity  to know n ch p l- lik e  m icrophage. To com plete  
the assembly, batches o f sequences from  the Sargasso Sea 
sam ple were added  to these assemblies un til com plete  coverage 
was o b ta in ed  (the consensus sequence is in  P ro toco l SI). The 
PCR prim ers SARssDNAF (5' TGC COA GAA TAT GOT GAT 
GA 3'), SARssDNARl (5' CGG TTA TTA  CGC CTG TCG TT  3'), 
an d  SARssDNAR2 (5' CCA TGG TAG GGC AGA GGT AA 3') 
w ere designed based  on  the consensus sequence. A PCR was ru n  
against the o rig inal Sargasso Sea sam ple DNA. T he reac tion  
m ix tu re  (50 pi to ta l volum e) co n ta in ed  ta rg e t DNA, 1 mM of 
each p rim er, and  IX  F ideliT aq m aster m ix (LTSB, Cleveland,
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Figure 2. C o m p o sitio n  o f th e  A ssem b lag e  G en o m e  S e q u e n ce s  as  D e term in ed  by  Sim ilarity to  Known DNA an d  P ro tein  S e q u en ce s
(A) T he p e rc e n t o f “ k n o w n "  s e q u e n c e s  c o m p a re d  to  th e  SEED an d  e n v iro n m en ta l d a ta b a s e s . A s e q u e n c e  w as  co n sid e re d  “ k n o w n " if it h ad  a s ign ifican t 
sim ilarity (E <  1CT5) to  th e  SEED, e lse  “e n v iro n m e n ta l"  if it h ad  a sim ilarity  to  any  en v iro n m en ta l d a ta b a s e , a n d  e lse  “ u n k n o w n " .
(B) B reakdow n o f th e  “ k n o w n " s e q u e n c e s  in to  viral (b o th  eu k ary o tic  a n d  b ac te r io p h ag e s ), p ro p h a g e , Bacteria, A rchaea, o r Eukarya.
DOI: 10.1371/jo u rn a l.pb io .0040368 .g002

O hio, U n ited  States). T he therm ocycler cond itions were: 5 m in 
a t 94 °C; 30 cycles o f 1 m in a t 94 °C, 1 m in  a t 65 °C -  0.5 °C p e r 
cycle, 3 m in a t 72°C; and  10 m in 72 °C. Positive PCR products 
w ere sequenced  fo r verifica tion  o f  sequence leng th , and  
iden tity  was confirm ed  using  TBLASTX.

Permutation Tail Probability Tests o f Phylogénie Similarity 
between Phage Assemblages

Because the sequences d id  n o t o rig ina te  from  a single 
genetic locus, the evolu tionary  re la tionsh ips could  n o t be 
d e te rm in ed  by using  s tan d ard  a lignm ent-based  phylogenetic 
analyses. To d e te rm in e  phylogeny, the sequences w ere first 
m apped  to the Phage P ro teom ic  T ree  based on  th e ir  best 
TBLASTX sim ilarity. T he version o f the Phage P ro teom ic 
T ree  used h e re  co n ta in ed  510 com plete  phage genom es 
(h ttp ://scum s.sdsu.edu/phage/O ceans) and  was co n stru c ted  as 
described  previously [23], P e rm u ta tio n  tail p robab ility  (PTP) 
was th en  used  to in fe r phylogenetic sim ilarity  am ong  the 
phage assemblages. T he PTP test uses phylogenetic parsim ony 
to d e te rm in e  w hether a given characteristic  corre la tes w ith 
phylogeny [24], Briefly, if  a sequence h ad  a best sim ilarity  to a 
phage genom e on  the Phage P ro teom ic  T ree, it  was scored  on 
a tree  using Phylogenetic Analysis LTsing Parsim ony softw are 
(PALTP) [25], T he n u m b er o f steps th a t w ould be req u ired  to 
p ro d u ce  a tree  fro m  one  sam ple to a n o th e r  was then  
determ ined . To assign significance, this value was com pared  
to a d is trib u tio n  p ro d u ced  by random izing  the in p u t tree  
10,000 times.

Genetic Isolation by Distance o f the Phage Assemblages
Iso la tion  by D istance W eb Service (IBDWS) ([26]; http:// 

b iom e.sdsu.edu/ibdw s) was used  to test fo r a co rre la tio n  
betw een the geographic  d istance betw een two sam ples and  
the genetic divergence betw een  viral assemblages. This on line 
softw are uses M antel tests to d e te rm in e  w hether m arine  
phages in  closer physical p rox im ity  have g rea te r genetic 
sim ilarity  (as m easured  by C>st) th an  those separa ted  by large

geographic  distances. F o r these tests, the c u rre n t datasets 
w ere com bined  w ith  data  from  the C alifo rn ia  coast [10], The 
A rlequ in  p ro g ram  [27] was used  to  calculate C>st- T he ®ST 
statistic  com pares the phylogenetic diversity w ith in  each 
assem blage  to  th e  to ta l p h y lo g en e tic  d iv ersity  o f  th e  
com bined  assemblages using  the equation:

® s r  =  (Or — 6 w ) / 6 r  (1)

w here 0T is the to ta l phylogenetic diversity o f two assem b­
lages a n d  0W is the phy logenetic  d iversity  w ith in  each 
assem blage o r  p o pu la tion . A ®ST value close to zero  m eans 
th e re  is com plete  overlap  in the phylogenetic diversity, 
w hereas values g rea te r than  zero ind ica te  increasing  levels 
o f phylogenetic d iffe ren tia tio n  u p  to a value o f 1, ind ica ting  
com plete  d ifferen tia tion .

Assembly and Mathematical Modeling o f Viral 
Assemblage Diversity

To estim ate  viral diversity, sets o f 10,000 ran d o m  sequences 
fro m  each  oceanic  reg io n  w ere assem bled  using  TIG R 
A ssem bler [28] w ith  a m in im um  overlap  leng th  o f 35 bp, a 
m inim al m atch  p e rcen tage  o f 98% and  no alignm en t e r ro r  in 
32 bp  to identify  overlapp ing  sequences (contigs) [10], The 
P erl scrip t u sed  to au to m ate  this task is available a t http:// 
scum s.sdsu.edu/phage/O ceans. A verage con tig  spectra  w ere 
calcu lated  (Figure S3) over ten  repe titions, and  the m axim um  
likelihood  assem blage s tru c tu re  o f the m arine  viral assem b­
lages was d e te rm in ed  using m athem atical rank -abundance  
m odels in  PH A ge C o m m u n itie s  fro m  C o n tig  S p e c tra  
(PHACCS) ([29]; h ttp ://b iom e.sdsu.edu/phaccs). R andom  sub­
sam ples o f the m etagenom es w ere used  instead  o f the to tality  
o f the w hole m etagenom es, because PHACCS analyses are 
m o re  ro b u s t a t low  coverage  [10,11,29], T he d iversity  
estim ates fo r the best-fitting  assem blage m odel w ere used 
fo r each oceanic region. D etailed  g raphical exp lana tions o f 
these p rocedu res are  given in  P ro toco l SI.
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T a b le  1 .  N u m b e r  o f  S im ila r i t ie s  to  P h a g e  G e n o m e s  a n d  G ro u p s  o f  I n te r e s t in t h e  F o u r  M e ta g e n o m e s

G ro u p  o f  In te re s t P h a g e  S p ec ie s M a r in e  R e g io n  

SA R  G O M BBC A rc tic

Cyanophage Prochloro. marinus <j> P-SSM2 4661a 589a 1190a 148a
Prochloro. marinus <j> P-SSP7 4493a 81a 86 16
Prochloro. marinus <j> P-SSM4 1759a 263a 587a 51
Synechococcus <j> S-PM2 1107a 196a 474a 54

Prophage Br. melitensis 16M <j> Bruei pro-<j> 12 115a 92 700a
Yersinia pestis (j> Yers2 pro-<j> 12 60a 34 386a
Escherichia coli <j> CP4-6 pro-<j> 4 52 24 364a
Agro, tumefaciens <j> Tu m2 pro-<j> 14 43 55 281a
Escherichia coli <j> CP037-7 pro-<j> 6 40 11 240a
Xy. fastidiosa <j> Xpd5 pro-<j> 34 36 23 187a
Escherichia coli <j> CP037-4 pro-<j> 3 29 11 146a
Mesorhizobium loti (j> Mesol pro-<j> 32 35 176a 56
Pseudo, putida (j> PP03 pro-<j> 397 57a 96 1

c h p l-lik e  m icrophage (ssDNA) Bd. bacteriovorus <j> MH2K 1835a 20 115 0
Chlamydia <j> 4 1757a 5 119 0
Chlamydia <j> 3 1572a 9 119 0
Chlamydia psittaci (j> 2 568a 2 29 0
Chlamydia psittaci <J> chpl 519a 16 60 0
Chlamydia (j> CPAR39 pro-<j> 1548a 14 112 0

M iscellaneous Salmonella (j> epsilon15 56 41 172a 116a
Burkholderia thailandensis <j> E125 7 29 29 111a
Roseobacteria SI067 (j> SI01 360 409a 465a 36
Rhodothermus marinus <j> RM 378 301 93a 206a 20
a-proteobacteria <j> JL001 333 45 197a 55
Bordetella (j> BIP-1 128 62a 167a 63
Pseudo, aeruginosa (j> PaP3 123 55 161a 10

aThe te n  m o st a b u n d a n t  sim ilarities a re  n o ted  for each  sam ple .
Prochloro., Prochlorococcus; Br., Brucella; Agro., A grobacterium ; Pseudo., P seudom onas; Bd., Bdellovibrio. 
DOI: 10.1371/journal.pbio.0040368.t001

To analyze the degree o f sim ilarity  betw een the viral 
assemblages, the am o u n t o f overlap  betw een the assemblages 
was d e te rm in ed  by assem bling a m ixed sam ple o f 10,000 
fragm ents ob ta in ed  by poo ling  2,500 fragm ents from  each 
region. T he fac t th a t fragm ents from  one  reg ion  assem bled 
w ith  frag m en ts  fro m  a n o th e r  reg io n  in d ica te s  overlap  
betw een the m etagenom es o f the two regions, an d  the ex ten t 
o f this overlap  quantifies the sim ilarity. T he con tig  spectrum  
ob ta in ed  from  the m ixed sam ple was m odified  in two respects 
to give w hat is called the cross-contig  spectrum  (Figure S4). 
First, any con tig  th a t co n ta in ed  fragm ents exclusively from  a 
single reg ion  was rem oved  (i.e., only contigs th a t inc luded  
fragm ents from  m ore  th an  one reg ion  w ere counted). Thus 
fo r the contigs o f size q >  1, Cq, the n u m b er o f ^-contigs from  
the poo led  sam ple th a t inc luded  fragm ents from  m ore  than  
one region, was calculated. Second, the n u m b er o f 1-contigs 
from  each reg ion  th a t assem bled w ith any fragm ents from  
o th e r regions was used  as the n u m b er o f 1-cross-contigs, Cj. 
T he resu lting  cross-contig  spectrum  [Cj, Co, C%,...] was then  
com pared  to the m ean  cross-contig  spectrum  from  sim ulated  
m ixtures o f the fo u r assemblages. To sim ulate such m ixtures 
requ ires a m odel o f w hich genom es w ith  a ce rta in  rank  and  
abundance  in  one assem blage co rre sp o n d  to w hich genom es 
in  ano ther.

T h ere  are  m any ways to envision m o rp h in g  one assem blage 
o f genotypes (species defined  on  the genom ic level by 
assembly o f sequences) in to  ano ther. F o r these analyses, two 
m orp h in g  m odes w ere considered  (Figure S5): (i) varying the 
p ro p o r tio n  o f genotypes th a t w ere shared  betw een  assem b­
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lages an d  (ii) varying the p ro p o r tio n  o f the genotypes whose 
abundance  ranks w ere shuffled (i.e., sub jected  to a random  
perm u ta tion ). U sing these two degrees o f freedom , s (percen t 
shared) and  p (percen t perm uted), M onte C arlo analyses w ere 
p e rfo rm ed  to estim ate  the degree o f m o rp h in g  as m easured  
by these two p aram eters  to find  m axim um -likelihood values 
fo r s and  p  based on  the closeness o f the m atch  to the cross- 
con tig  spec trum  fo u n d  fo r the poo led  sam ple.

T he M onte C arlo sim ulations w ere all p e rfo rm ed  using the 
best-fit m odels fo r each region. T he cross-contig  spectrum  
based  on  the m ixed sam ple was used  to p e rfo rm  these 
sim ulations (Figure S6). Each sim ulation  inc luded  861 pairs o f 
i  and  p values sp ann ing  a 21 X 41 g rid  betw een  0% and  100% 
fo r each param eter. Each sim ulation  random ly  p e rm u ted  the 
ab u ndance  rank  o f p  o f  the m ost a b u n d a n t genotypes, 
random ly  assigned i  o f the genotypes to  be shared, and  
d e te rm in ed  the resu lting  p red ic ted  cross-contig  spectrum . 
This was rep ea ted  100 tim es fo r each com bina tion  o f i  and  p 
values. T he en tire  sim ulation , inc lud ing  the selection  o f the 
2,500 fragm ents from  each region, was rep ea ted  eigh t times 
resu lting  in 800 p red ic ted  cross-contig  spectra  fo r each 
co m bina tion  o f p a ram e te r values. T he m ean  cq an d  variance 
cf  ̂ o f these 800 values w ere then  used  to co n stru c t a quasi- 
likelihood  L(s,p)

In C (s,p) =  W
q ¿<Jq

o f m atch ing  the observed cross-contig  spectrum , thereby  
g en era tin g  a co n to u r  m ap o f L  as in  [11], This log likelihood
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w ould be expected  if each cross-contig  value w ere norm ally 
d is tribu ted . T he c o n to u r m ap  o f the quasi-likelihood lan d ­
scape was p ro d u ced  from  this g rid  o f 861 quasi-likelihood 
values. As a con tro l, the w hole p ro ced u re  was rep ea ted  fo r all 
regions w ith n o n overlapp ing  subsets o f sequences all taken 
from  the sam e geographical reg ion  (ra th e r than  from  fo u r 
d iffe ren t regions).

A) Prochlorococcus marinus <{> P-SSP7 Roseobacteria  S I067  t> SI01

&  A rctic

BBC 111 . , ,

G O IM ,  A
SAR

Results/Discussion

"C om m unity” is com m only  defined  several ways, includ ing  
“ the species th a t occu r to g e th e r in  space an d  tim e” [30] and  
“an association  o f in te rac tin g  p o p u la tio n s” [31], A ssem blage 
is p robab ly  the m ost p ro p e r  te rm  to describe viral groups, 
and  m ost instances o f "com m un ity” in  the lite ra tu re , b o th  by 
o u rse lves a n d  o th e rs , is n o t  c o rre c t. See [32] fo r  a 
d isam biguation  o f som e im p o rta n t ecological term s.

General Characteristics o f the Marine Viral Metagenomes
O n average, > 91%  o f the sequences w ere n o t significantly 

sim ilar to those in  the ex tan t databases (Figure 2A). A p artia l 
exp lana tion  fo r the h igh  p ercen tage  o f unknow ns is alm ost 
certain ly  due to the sh o rte r  sequences (—100 b p  on  average) 
th a t a re  g en e ra ted  by pyrosequencing  a t 454 Life Sciences. 
P rev io u s v ira l m e tag en o m ic  s tu d ie s  th a t u sed  S an g er 
sequencing  (—650 bp  fragm ents) fo u n d  th a t > 60%  o f the 
sequences w ere unknow ns [33], T he A rctic O cean  sam ple had  
the h ighest percen tage  o f know n sim ilarities (11%) to the 
SEED database, m ostly because o f the large n u m b er o f 
p rophage-like sequences (Table 1). C om parison  of the m arine  
viral sequences to the env ironm en ta l database d id  n o t yield a 
significant n u m b er o f new  sim ilarities com pared  to the SEED 
database (~ 2%  to the env ironm en ta l database), w ith the 
no tab le  excep tion  o f the Sargasso Sea sam ple, w here > 9 %  of 
the sim ilarities w ere to the env ironm en ta l database, p resu m ­
ably because the m ajo r sources o f sequences fo r the en v iron ­
m e n ta l  d a ta b a s e  w e re  th e  S a rg a s so  Sea m ic ro b ia l  
m etagenom es, originally  co llected  in  2003 [17], T he overlap  
betw een the viral m etagenom e an d  the m icrobial m etage­
nom es raises several im p o rta n t poin ts. First, a significant 
n u m b er o f viral sequences are  re ta in ed  on the la rger-po re  
filters, e ith e r as free  viruses, proviruses, o r  in  cells u ndergo ing  
a burst. T he la tte r  exp lana tion  was hypothesized  by D elong et 
al. [19], who observed a large n u m b er o f viral sim ilarities at 
one d ep th  a t the Elawaii O ceanic T im e-series (HOT) station. 
Second, the m icrob ial assemblages in  the Sargasso Sea ap p ea r 
to be relatively stable over p ro lo n g ed  periods (~ 2  y). Finally, 
the small am o u n t o f sam pling and  sequencing  rep re sen ted  by 
these two studies (—10 _ bp) is already constric ting  the 
unknow n sequence space o f the Sargasso Sea. W ith  the 
con tinual decline in Sanger sequencing  costs an d  in tro d u c ­
tion  o f large-scale pyrosequencing, m etagenom ic approaches 
should  be able to  characterize  global sequence diversity in  a 
relatively sh o rt p e rio d  o f time.

A m ong the frac tio n  o f sequences w ith sim ilarity  to the 
SEED database, m ost o f the “know ns” w ere sim ilarities to 
bacte ria l sequences in the A rctic, B ritish  C olum bia, an d  G ulf 
o f M exico sam ples (Figure 2B). This can  be accoun ted  fo r by 
the following: (i) the la rger n u m b er o f m icrob ial ra th e r  than  
viral genom es in  the database, (ii) u n id en tif ied  p rophages 
w ith in  m icrob ial genom es, (iii) the large am o u n t o f ho rizon ta l 
gene tran sfe r betw een phages and  th e ir  hosts, (iv) phages

B) Consensus chpl -like Microphage genome C) 
1 2  3 4
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Figure 3. D istribu tion  o f Sim ilarities an d  A ssem bly  C ontro ls
(A) D istribution  o f  sim ilarities b e tw e e n  th e  fo u r m e ta g e n o m e  sam p les  to  
th e  P. m arinus  4> P-SSP7 a n d  Roseobacteria  S I067  4> SI01 g e n o m e s  (as 
d e te rm in e d  by  BLASTN analysis). T he g re e n  b a rs  re p re s e n t th e  av e rag e  
n u m b e r  o f  s e q u e n c e s  a v e rag e d  o v e r 100 b p  w indow s.
(B) C om parison  o f  frag m e n ts  from  th e  S a rg asso  Sea m e ta g e n o m e  
a g a in s t th e  c o n se n s u s  ssDNA c h p l- lik e  m ic ro p h a g e  g e n o m e . The 
c o n se n su s  from  th is  a ssem b ly  is in th e  P ro toco l S1.
(C) PCR verification  o f  c h p l- lik e  m ic ro p h ag es  in o rig inal SAR sam p le . PCR 
prim ers w e re  d e s ig n e d  b a sed  on  a co n se n su s  s e q u e n c e  from  th e  
a ssem b ly  sh o w n  in (B). SAR1 is a ~ 9 0 0 - b p  fra g m e n t a n d  SAR2 is a 
~ 1 ,5 0 0 -b p  frag m e n t.
DOI: 10.1371 /jou rn a l.p b io .0 0 4 0 3 6 8 .g 0 0 3

carry ing  full genes from  th e ir  host, as observed in  sequenced  
phage genom es [34,35], an d  (v) the overall la rger size of 
bac te ria l genes relative to viral genes, statistically increasing  
the p robab ility  o f sequencing  and  h ittin g  them .

T he sam ple from  the Sargasso Sea was excep tional in  th a t 
the m ajority  o f "know n” sequences w ere m ost sim ilar to th ree  
Prochlorococcus phage genom es (Table 1) originally  isolated 
from  the sam e area o f the ocean  [34], This find ing  suggests 
th a t ju s t a few phage genom es from  novel env ironm ents will 
g reatly  increase o u r u n d ers tan d in g  o f viral diversity in  these 
environm ents. T he d is trib u tio n  o f BLASTN sim ilarities along 
the Prochlorococcus marinus cj) P-SSP7 genom e [34] is show n in 
F igure 3A. T here  is alm ost com plete  coverage o f the genom e 
w ith in  the Sargasso Sea sam ple. In  con trast, the sim ilarly sized 
Roseobacteria S I0 6 7  cj) S IO l genom e [36], w hich was isolated 
from  near-sho re  w aters in  C alifornia, is only sparsely covered 
in the Sargasso Sea sam ple, b u t has h ig h er coverage in  the 
G ulf o f M exico an d  B ritish  C olum bia sam ples. This supports 
the idea th a t ce rta in  phage groups are  m ore p reva len t in 
ce rta in  b iogeograph ic  regions. This general p a tte rn  was 
re in fo rced  by the observation  o f a n u m b er o f phage genom es 
an d  groups p reva len t in  d iffe ren t oceanic regions (Table 1).

T he five m ost a b u n d an t pu ta tive  v ira l-encoded  enzymes 
(Table 2) ap p ea r to be involved in  scavenging h o st nuc leo ­
tides (e.g., r ib o re d u c tases) an d  su p p o rtin g  h o st m etabolism  
th ro u g h  the in fec tion  cycle (e.g., carboxylyases an d  tran s­
ferases). T he viral frac tio n  also co n ta in ed  psbA genes, w hich 
encode the D1 p ro te in  o f photosystem  II in  the cyanobac­
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T a b le  2 .  The Most Abundant Enzyme-Coding Genes in the Four Oceanic Viral Metagenomes

M a r in e  R e g io n E n z y m e  N a m e EC n u m b e r G e n e  O c c u rre n c e s

Sargasso Sea (SAR) Ribonucleotide reductase of class la (aerobic), alpha subunit 1.17.4.1 89
Ribonucleoside-diphosphate reductase 1.17.4.1 75
Ribonucleotide reductase of class II (coenzyme B12-dependent) 1.17.4.1 50
GTP cyclohyd rolase I, type 2 3.5.4.16 37
Adenine-specific methyltransferase 2.1.1.72 22

Gulf of M exico (GOM) Formate dehydrogenase-O, major subunit 1.2.1.2 27
Carbamoyl-phosphate synthase large chain 6.3.5.5 25
Cytochrome c oxidase polypeptide I 1.9.3.1 24
Ribonucleotide reductase of class II (coenzyme B12-dependent) 1.17.4.1 23
DNA polymerase III alpha subunit 2.7.7.7 23

British Colum bia coast (BBC) Ribonucleotide reductase of class II (coenzyme B12-dependent) 1.17.4.1 34
DNA polymerase III alpha subunit 2.7.7.7 22
3-polyprenyl-4-hydroxybenzoate  carboxylyase 4.1.1.- 18
Cytochrome c oxidase polypeptide I 1.9.3.1 18
Ribonucleotide reductase of class la (aerobic), alpha subunit 1.17.4.1 18

Arctic Ocean 3-polyp renyl-4-hydroxybenzoa te  ca rboxy lyase 4.1.1.- 205
DNA polymerase III alpha subunit 2.7.7.7 185
Cytochrome c oxidase polypeptide I 1.9.3.1 175
Isoleucyl-tRNA synthetase 6.1.1.5 157
Methylcrotonyl-CoA carboxylase carboxyl transferase subunit 6.4.1.4 155

EC number, Enzyme Commission number. 
DOI: 10.1371/journal.pbio.0040368.t002

teria. T he m ajority  o f sequenced  cyanophages carry  this gene, 
and  evidence is m o u n tin g  th a t the cyanophages n eed  the D1 
p ro te in  fo r successful in fec tion  and  rep lica tion  [34,37,38], 
T he occu rrence  o f psbA was low est in  the A rctic sam ple, 
probably  reflecting  a decrease in the host and  cyanophage 
num bers in the co lder environm ents.

Discovery o f an Abundant Marine ssDNA Phage Group
T he Sargasso Sea sam ple had  a large n u m b er o f sequences 

(6% o f the total; Table 1) w ith significant sim ilarities to  c h p l-  
like C hlam ydiam icrovirus (M icroviridae family). These viruses 
are  small ssDNA phages. A ssem blies from  these sequences 
resu lted  in  the near-com ple te  genom es o f several m arine  
M icroviridae phages from  the Sargasso Sea sequences (Figure 
3B). To o u r know ledge, this is the first re p o r t describ ing  the 
p resence  o f this phage g ro u p  in  the m arine  env ironm ent, 
w hich was previously overlooked  because the am plification  
and  c lon ing  m ethods excluded  ssDNA viruses. T he only o th e r 
re p o r t o f ssDNA viruses in the m arine  en v iro n m en t was a 
C ircovirus th a t in fec ted  d iatom s [39], H owever, the m arine  
sequences in  this study d id  n o t show any sim ilarity  to th a t 
virus. Sequences w ith significant sim ilarity  to the ch p l-lik e  
phages w ere observed less frequen tly  in  the B ritish  C olum bia 
(~  10-fold less com m on than  in  SAR) an d  G ulf o f M exico 
sam ples (~  100-fold less com m on th an  in  SAR). No sequences 
from  this g ro u p  w ere fo u n d  in  the A rctic sam ple (Table 1 and  
F igure 4). P rim ers w ere designed against these genom es and  
ap p ro p ria te ly  sized DNA fragm ents w ere am plified  from  the 
Sargasso Sea sam ple (Figure 3C). N o am plicons w ere de tec ted  
in  the G ulf o f Mexico o r  B ritish  C olum bia sam ples, suggesting 
th a t they w ere p re se n t a t num bers  below  the level o f 
d e tec tio n  in this PCR o r  h ad  a d ivergen t sequence. A 
geographical c o n stra in t th a t lim its the d is trib u tio n  o f these 
viruses w ould be m ost consisten t w ith these results. H ow ever 
concerns ab o u t sam ple am plification  and  storage bias m ake it

im possible to accurately  access the relative abundances of 
these viruses a t this po in t.

Every Phage Everywhere?
T he d is trib u tio n  o f sim ilarities to  the ch p l-lik e  M icro­

phage, P. marinus cj) P-SSP7, Roseobacteria S I0 6 7  cj) S IO l, and  
o th e rs  in  th e  v ira l-f ra c tio n  suggests th a t viruses have 
re s tr ic ted  geographical d is tribu tions sim ilar to those o b ­
served in  m icro- and  m acro-organism s [40,41], This is in 
co n tras t to studies th a t have show n th a t iden tical phage genes 
are  d is trib u ted  th ro u g h o u t the b io sphere  and  th a t phages 
from  soils an d  sedim ents can  rep lica te  in  m arine  m icrobial 
p o p u la tio n s  [3,42,43], To d e te rm in e  w h e th e r all m arine  
phages a re  sp read  everyw here o r  if  th e re  is a s tro n g  
reg ionalization , th ree  d iffe ren t approaches w ere used.

A new version o f the Phage P ro teom ic  T ree  was con ­
structed , an d  sim ilarities from  the sam ples w ere m ap p ed  on to  
this tree  (Figure 4). E ighty-four phage species w ere specific to 
one m arine  region, w hereas 45 w ere com m on to all four. 
F rom  the rem ain ing  phage species, 102 w ere fo u n d  in  several 
oceanic regions. T he phylogenetic parsim ony o f phages from  
each sam ple was com pared  to the Phage P ro teom ic  T ree 
using  the PTP tests, because viruses do n o t have a single 
genetic locus conserved  across all genom es. T he PTP test 
show ed th a t the d is trib u tio n  o f phages in  the m arine  sam ples 
is n o t random . First, m arine  phages are  phylogenetic ally 
d is tinc t from  the available genom es, suggesting a "m a rin e ­
ness” to  the g ro u p  as a w hole (p <  0.0001; 10,000 ra n d o m ­
izations). Second, th ere  was a significant d ifference betw een 
phages from  the d iffe ren t oceanic regions (p  <  0.0001; 10,000 
random izations), su p p o rtin g  a geographical specificity fo r 
viruses desp ite  the w ide prevalence o f som e phage species.

A n Iso lation  By D istance (IBD) ap p ro ach  dem o n s tra ted  
th a t th e re  was a significant positive co rre la tio n  betw een 
geographic  d istance (km) and  genetic d istance (as m easured  
by <I>ST) (M antel test; Z ~ —78.9; r ~  0.585;/) <  0.017) (Figure 5),
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Figure 4. T ypes o f P h ag es  in th e  Four M eta g e n o m e s  
A n ew  version  o f  th e  P h ag e  P ro teo m ic  T ree (left panel) w as  c o n s tru c ted  
from  510  c o m p le te  p h a g e  an d  p ro p h a g e  g e n o m e s  using  th e  prev iously  
d e sc rib ed  m e th o d  [23]. The m e ta g e n o m ic  s e q u e n c e s  w e re  c o m p a re d  to  
th e  p h a g e  o n  th e  P h ag e  P ro teom ic  T ree u sing  TBLASTX, an d  th e  co lo red  
bars o n  th e  rig h t re p re s e n t sign ifican t sim ilarities (E-value <  0.0001). 
N am es o f  p ro p h a g e s  a re  in red  an d  th e  Prochlorococcus p h a g e  g e n o m e s  
a re  in g re e n . An e lec tro n ic  v e rs ion  o f th e  t re e  an d  a FASTA list o f p h a g e  
an d  p ro p h a g e  g e n o m e s  u sed  to  m ake  th e  tre e  a re  availab le  a t  th e  SDSU 
C en te r fo r U niversal M icrobe S eq u en c in g  w e b s ite  (h ttp ://s c u m s .s d su . 
ed u /p h a g e /O c e an s ) .
DOI: 10.1371/jo u rn a l.pb io .0040368 .g004

ind icating  th a t the fu r th e r  two sites are  from  each o ther, the 
m ore d ifferences there  are  betw een  the viral assemblages. 
T he m agn itude  o f the slope was very small w ith only 3.28 X 
1(T5 C>ST/km.

C onsidering  th a t any two locations on  E arth  can be 
separa ted  by a m axim um  o f 20,000 km  (half the c ircum ­
fe ren ce  o f  th e  globe), by e x tra p o la tio n , any two v iral 
assemblages could  have a phylogenetic diversity o f a t m ost 
0.656 C>st- A lthough  these da ta  suggest a lim it to  the 
d is trib u tio n  o f viruses am ong m arine  env ironm ents (e.g., 
due to lim ited  viral m ovem ent o r  geographical selective 
pressure) (®st > >  0), it  also ind icates th a t no two m arine  
viral assem blages could  be totally d iffe ren t (®st < <  1). 
R ather, they w ould exh ib it a relatively large phylogenetic 
overlap.

T o g e th e r the PTP an d  IBD test su p p o rt th a t the m arine  
v iróm e is com posed  o f specific viral groups. These viral 
assem blages u n dergo  a reg ionalization , a lthough  a large 
frac tio n  is vastly w idespread. I t is possible th a t som e viruses 
are  d is trib u ted  ubiquitously , b u t th e ir  relative c o n tr ib u tio n  
to overall assem blage s tru c tu re  d iffers be tw een  oceanic 
regions. If  this w ere true, th en  cross-contigs—i.e., contigs

•  WWhin CA Coast 
O C A  Coast vs GOM
•  CA Coast vs B8C
•  CA Coast vs SAR
•  CA Coast vs Arctic
•  GOM vs BBC
•  GOM vs SAR 
O  GOM vs Arctic
•  BBC vs SAR
•  BBC vs Arete
•  SAR vs Arctic

0 1000 2000 3000 4000 5000

Geographic Distance (km)

Figure 5. R elationsh ip  b e tw e e n  G eo g rap h ic  a n d  G enetic  D istances o f 
M arine Viral A ssem b lag es
In a d d itio n  to  th e  fo u r m e ta g e n o m e s  s e q u e n c e d  fo r th is  s tu d y , th e  
p rev ious  viral m e ta g e n o m e s  from  th e  San D iego a rea  (California coast) 
w e re  a lso  inc luded  in th is  analysis [10], T here  w as a s ign ifican t co rre la tion  
o f 3 .28 X 1 (T 5 <Es t /  km (M antel te s t ,  Z  =  _78.9, p  <  0.017, r =  0.585). 
DOI: 10.1371 /jou rn a l.p b io .0 0 4 0 3 6 8 .g 0 0 5

m ade o f sequences fro m  d iffe ren t m etagenom es—w ould 
reflect this com position .

In  the co m p u te r m odel o f cross-contig  analysis, all fo u r 
viral assemblages w ere considered  a t the sam e tim e. A ssem ­
blies w ere p e rfo rm ed  an d  cross-contigs w ere identified. A 
M onte C arlo sim ulation  was used  to exp lain  the average 
cross-contig  spectrum . A full d escrip tion  o f the assemblies 
an d  M onte-C arlo  sim ulations a re  in  the P ro toco l SI.

A n u m b er o f genotypes (varied betw een 0% an d  100%) 
w ere a rb itra rily  and  random ly  defined  as shared  betw een 
sam ples; a t the sam e tim e, the occu rrence  o f individuals in 
the viral assem blage was also varied  (Figure 6). As an 
illu stra tion , im agine two assemblages sharing  100 viruses, 
b u t w ith the relative rank  on  a rank -abundance  curve being  
shuffled fo r the to p  viruses in  the assem blage (see P ro toco l 
SI). T he best exp lana tion  o f the observed cross-contigs is 
show n in F igure 6 an d  estim ates th a t 35% o f the m ost 
ab u n d an t genom es in  any sam ple w ould have to be p e rm u ted  
in th e ir  relative abundance  ran k  and  th a t 100% o f the viruses 
w ould have to be shared  betw een sam ples. T he in trasam ple  
co n tro ls  show ed th a t 85% -95%  o f th e  m ost ab u n d a n t 
genom es w ere shared  an d  0% -0.5%  w ere p e rm u ted  (although 
100% and  0% w ere expected , respectively). This d iscrepancy  
is p robab ly  due to  lim ita tions in  the m ethodology used.

T his cross-con tig  analysis suggests th a t any two viral 
assemblages cou ld  have a vast m ajority  o f species in  com m on 
an d  the o rd e r  o f the ranks in  the rank -abundance  curve could 
be d e te rm in ed  by shuffling ab o u t a th ird  o f the m ost 
ab u n d an t species. T hese results confirm  th a t geographical 
an d  changing  env ironm en ta l cond itions allow d iffe ren t viral 
genotypes to  becom e m ore  o r  less p reva len t w ith in  d iffe ren t 
assem blages w hile sharing  essentially  the sam e types o f 
viruses. T he less ab u n d an t viruses a re  n o t lost a ltogether, 
m erely red u ced  in  occurrence.

Local Versus Global Diversity
Llsing the PHACCS analysis system [29], the genotype 

richness, diversity, and  evenness o f the d iffe ren t m etage­
nom es w ere estim ated  (Table 3). T he B ritish  C olum bia viral 
m etagenom e was the m ost geno type-rich  (129,000 p red ic ted  
genotypes) and  diverse (H ' o f 10.8 nats), w hereas the A rctic
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Figure 6. M onte  Carlo S im ulation  o f C ross-C ontigs b e tw e e n  M etag en o m ic  S am ples

(A) For th e  in te rsam p le  analysis, th e  m ax im um  likelihood o ccu rred  a t  35%  frac tion  p e rm u te d  an d  100%  frac tion  sh a red . (B) The m ax im um  likelihood w as 
b e tw e e n  0%  an d  0.5%  frac tion  p e rm u te d  an d  85%  an d  95 % frac tion  sh a red  fo r th e  in tra sa m p le  con tro ls .
DOI: 10.1371/jo u rn a l.pb io .0040368 .g006

m etagenom e was the least g eno type-rich  (532 p red ic ted  
genotypes) and  diverse (H ' o f 6.05 nats).

B eing loca ted  on  the west coast o f the N o rth  A m erican  
con tin en t, the coast o f B ritish  C olum bia is in  an  upw elling 
area. I t is also enclosed an d  fed  by m any rivers. These 
c o n d itio n s  m ig h t im p o rta n tly  in c rease  the  d iversity  o f 
m icrobial com m unities and  thus p rovide an  exp lana tion  fo r 
the very h igh  viral assem blage diversity estim ated  in  this 
oceanic region. O m ittin g  the BBC, the viral diversity o f the 
o th e r regions (the G ulf o f M exico, Sargasso Sea, an d  A rctic 
O cean) co rre la te  w ith  th e  w ell-estab lished  N o rth -S o u th  
la titu d in a l diversity g rad ien t [44], w ith a la rg e r diversity at 
low er latitudes. P lank ton ic  diversity p a tte rn s  o f near-sho re  
versus o ff-shore (m ore diverse p lan k to n  assemblages off­
shore) [45] w ere n o t observed here; the large spatial scale o f 
the sam pling probab ly  m asked this effect if presen t.

A ssem blies o f the m ixed sam ple w ere used  to  p red ic t global 
viral diversity using PHACCS. A to ta l o f 57,600 d iffe ren t viral 
genotypes in  all fo u r regions (H ' o f 9.8 nats) was estim ated. 
This n u m b er is sm aller than  the n u m b e r o f genotypes 
p re d ic te d  in  the  BBC sam ple, w hich  m ay in d ica te  an 
u n dersam p ling  fo r the m ixed m etagenom e o r  be due to 
som e o f the assum ptions o f the m odel. T aken  together, these 
data  ind ica te  th a t the global m arine  viral richness could  be as 
h igh as a few h u n d re d  thousand  species, w ith  a regional

richness som etim es alm ost as high, likely because o f m igra­
tion  processes.

Integrative Versus Single Samples
I t  was expected  th a t the in teg ra ted  sam ples w ould be m ore 

even because it is assum ed the viruses th a t w ere m ost 
ab u n d an t a t one spatia l-tem poral tim e p o in t w ould be ra re r  
a t an o th e r  (“k ill-the-w inner” hypothesis). As sum m arized  in 
T able 3, the evenness o f the single tim e p o in t sam ple (SAR 
0.905) fell in  betw een  th a t o f the th ree  in teg ra ted  sam ples 
(Arctic 0.964; BBC 0.918; GOM 0.851). Sim ilarly, the p red ic ted  
richness (5140 genotypes) and  diversity (H ' 7.74 nats) a t the 
single p o in t rep re sen ted  by the Sargasso Sea sam ple fell in 
betw een  th a t o f the in teg ra ted  sam ples (richness 532-129,000; 
H ' 6.05-10.8 nats). Because o f factors w ith a supposedly 
g rea te r im pact, like la titude , it is n o t clear th a t in teg ra tin g  
individual sam ples gave a g rea te r d ep th  o f coverage.

W ithou t a doub t, m any in te restin g  trends based on  d ep th  
an d  a wide variety  o f o th e r  spatial, b iological, and  tem poral 
param eters  w ere m issed by the in teg ra tive  sam pling used 
here . H owever, this sam pling does p rovide a useful overview 
o f  th e  m arin e  v iróm e on  a g lobal an d  reg iona l scale. 
C urren tly , th ere  are  no real c rite ria  as to w hat constitu tes a 
useful size o r  tim e scale fo r sam pling n a tu ra l viral assem b­
lages, so there  is no p a rticu la r advantage o r  d isadvantage to 
k eep ing  sam ples separa te  o r  analyzing them  as a m etadataset.
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R ath e r the sam pling schem e should  be d riven  by the question  
being  addressed. V iral assemblages are  in te res tin g  in  th e ir 
own right, n o t ju s t in  co n tex t o f th e ir  h o st com m unities. 
H owever, fu tu re  studies should  also s ta rt cross-co rre la ting  
the viruses w ith th e ir  hosts. O f p a rticu la r in te re s t will be 
d e te rm in in g  if  the “ islands” an d  O RFans observed in  m icro ­
bial genom es are  rep re sen ted  in  the viróm e [6,46],

Potential Sampling and Processing Biases
Sam pling bias in  the c u rre n t datasets was p rim arily  due to 

loss o f large viruses d u rin g  filtering. C urren tly , th e re  is no 
experim en ta l m eth o d  to  avoid this problem . T he cesium  
ch lo ride  g rad ien ts used  h e re  recover all know n phage 
groups, and  essentially all the  viral-like partic les in  the 
s ta rtin g  sam ples m igrate  to  the p ro p e r  density  in  these 
p rep a ra tio n s  (as observed by epifluorescence m icroscopy; 
u npub lished  data). U nfortunate ly , the clon ing  m ethods used 
h ere  will n o t recover RNA viruses. Su ttle  e t al. [47,48] have 
show n th a t RNA viruses are  p resen t in  the m arine  en v iron ­
m ent. W hereas m ost e lec tron  m icroscopy [49,50] and  nucleic 
ac id -based  studies [51] have n o t fo u n d  RNA viruses in  large 
num bers, RNA viruses are  still believed to be im p o rta n t 
com ponen ts o f the m arine  viróm e th a t n eed  add itional 
study.

A n o th e r p o ten tia l source o f bias is the d iffe ren t tim es th a t 
the sam ples w ere s to red  befo re  processing. Phage particles 
are  very stable an d  o ften  s to red  fo r decades a t 4 °C. This is a 
com m only know n lab p h en o m en o n  and  is su p p o rted  by the 
observation  th a t the o ldest viral concen tra tes (—12 y old) in  
this study h ad  very h igh co n cen tra tio n  o f viruses (>  109 viral- 
like partic les p e r  ml). D ifferen t phages, how ever, may have 
d iffe ren t decay rates u n d e r  these conditions. This does n o t 
seem  to be especially p rob lem atic , because th ere  is no 
co rre la tio n  betw een the types o f viruses observed an d  the 
storage tim e. F o r exam ple, the A rctic and  SAR sam ples are 
the m ost recen tly  harvested  sam ples, yet they have the 
biggest d ifferences in term s o f types o f phages (Table 1). 
N onethe less, th e re  m ay be  effects o f  s to rag e  o n  the 
com p o sitio n  o f  the viral assem blages. F o r this reason, 
analyses based on  absolute abundances o f one specific virus 
to a n o th e r  w ere avoided in  this study. Instead , the p resence  
o f a sequence in  the m etagenom e was sim ply assum ed to 
m ean  th a t the virus was in  the o rig inal sam ple (i.e., an 
occurrence).

W hole-genom e am plification  techniques in tro d u ce  biases 
in  the relative co n cen tra tio n s o f d iffe ren t genom es. Tests o f 
G enom iphi by the m an u fac tu re r an d  o thers [52,53] have n o t

re p o r te d  a significant bias in  the am plification  o f c ircu lar 
dou b le -stran d ed  DNA (dsDNA), w ith the excep tion  o f very 
small dsDNA targets (< 1  kb), w hich are  m uch  sm aller than  
the vast m ajority  o f m arine  viruses, and  o f ssDNA, w hich will 
p robably  be a p re fe rre d  ta rge t fo r the DNA polym erase. 
A lthough  n o t bias-free, G enom iph i is the m ost accura te  
am p lifica tio n  m e th o d  available [54], In te re s tin g  tren d s 
associated  w ith viral assem blage s tru c tu re  may have been  
m issed because o f o u r choice o f using presence/absence data  
fo r the analyses p re sen ted  here , b u t by being  conservative 
th e re  should  n o t be any effects o f storage, am plification , and  
sam pling  biases on  o u r in te rp re ta tio n s .

Conclusion

T he m etagenom ic analysis o f viral assemblages from  the 
A rctic O cean, the coast o f B ritish  C olum bia, the G ulf o f 
Mexico, an d  the Sargasso Sea p resen ted  h e re  has changed 
o u r p e rcep tio n  on  the com position  o f viral assem blages in 
the sea. First, th ere  is c lear evidence th a t the com position  of 
viral assemblages varies in  d iffe ren t geographic regions 
p robably  reflecting  selective p ressure. Previously overlooked 
viral groups, such as ssDNA viruses an d  prophages, can be 
m ajo r constituen ts  o f m arine  viral assemblages (Sargasso Sea 
an d  A rctic O cean, respectively). Second, global viral diversity 
is h igh (possibly a few h u n d re d  thousand  viral species), b u t 
reg ional diversity  can be  a lm ost as h igh  due to viral 
m igration . This m ig ra tion  provides o p p o rtu n itie s  fo r global 
exchange o f DNA am ong viral genom es, as p red ic ted  by the 
m osaic m odel [55], V iral diversity also varied  accord ing  to 
la titude , w ith a h ig h er richness a t low latitudes. Finally, it 
seems th a t a lthough  som e viral species are  endem ic and  
o thers are  ub iqu itous, the vast m ajority  are  w idespread  and  
sh a red  be tw een  several o cean ic  reg ions. Invas ion  an d  
rep lacem en t by new phages does n o t ap p ea r to be an 
im p o rta n t s tru c tu rin g  fac to r fo r these viral assemblages. 
W hat sets d iffe ren t assemblages a p a rt is likely the change in 
abundance  o f its m ost ab u n d an t m em bers, su p p o rtin g  to 
som e ex ten t the o ld  ten e t “every th ing  is everyw here, bu t, the 
en v iro n m en t selects” [56] fo r m arine  viruses.

Supporting Information
F igure  S I. F req u en cy  o f  H om o p o ly m eric  T rac ts  in  th e  F o u r  M arine 
V irom es, th e  C om p le te  P hage G enom es, a n d  T w enty, R andom ly 
C hosen  M icrob ial G enom es

T h e  trac ts  f ro m  3 n u c leo tid es (nt) to  15 n t  w ere c o u n te d  an d  
no rm alized  to  th e  n u m b e r  o f  bases in  each  sequence. O n e  3 -n t t ra c t  is

T a b l e  3 .  Viral Assemblage Structure Predicted from Assembly o f Metagenomic Sequences

S a m p le R ichn ess E v en n ess M o s t  A b u n d a n t  G e n o ty p e  (% ) S h a n n o n -W ie n e r  In d e x

Arctic 532 genotypes 0.964 2.27 6.05 nats
BBC 129,000 genotypes 0.918 7.28 10.8 nats
GOM 15,400 genotypes 0.851 13.3 8.21 nats
SAR 5140 genotypes 0.905 8.45 7.74 nats
Mixed 57,600 genotypes 0.895 9.34 9.81 nats

Ten separate assemblies of 10,000 sequences chosen at random from each library were performed for each sample. For the mixed sample, 2,500 randomly chosen fragments were used 
from each library. The average contig spectrum was used to predict assemblage structure using PHACCS.
DOI: 10.1371/journal.pbio.0040368.t003
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fo u n d  appro x im ate ly  every 30 bp, w hereas o n e  15-nt tra c t is fo u n d  
app ro x im ate ly  every 10 m illion  bp . T he 510 com p le te  phage genom es 
to ta le d  18,909,173 b p  in  leng th , a n d  th e  m icrob ia l genom es to ta led  
22,110,123 b p  in  length . T he leng ths o f  the  p y ro seq u en ced  lib ra ries 
are  given in  th e  text.
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sgOOl (1.3 MB TIF) 

F igure S2. R elative A b u n d an ce  o f  Phages in  th e  F o u r M etagenom es
B ecause o f  way th e  sam ples w ere s to red  an d  th e  lo n g  sto rage  tim e, the  
d is tr ib u tio n  show n m ay n o t accura te ly  reflec t th e  reality.
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sg002 (104 KB TIF)

F igure S3. D ete rm in in g  a N orm al C on tig  S pec tru m
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sg003 (135 KB TIF)

F igure S4. G ettin g  a C ross-C ontig  S pectrum .
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sg004 (3.1 MB TIF)

F igure S5. T he Possible S cenarios C o n sid ered  in  th e  M onte C arlo 
S im u la tion  to  E xpla in  th e  O bserved  C ross-Contigs
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sg005 (143 KB TIF) 

F igure S6. A nalyzing a C ross-C ontig  S pec tru m  
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sg006 (589 KB TIF) 

P ro to co l S I . D etails o n  M aterials an d  M ethods.
F o u n d  a t DOI: 10.1371/journal.pbio .0040368.sdOOl (39 KB PDF)
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