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Cyanophages (cyanobacteria! viruses) are important agents of horizontal gene transfer among marine cyanobacteria, 
the numerically dominant photosynthetic organisms in the oceans. Some cyanophage genom es carry and express host­
like photosynthesis genes, presumably to augment the host photosynthetic machinery during infection. To study the 
prevalence and evolutionary dynamics of this phenomenon, 33 cultured cyanophages of known family and host range 
and viral DNA from field samples were screened for the presence of two core photosystem reaction center genes, psbA 
and psbD. Combining this expanded dataset with published data for nine other cyanophages, we found that 88% of 
the phage genom es contain psbA, and 50% contain both psbA and psbD. The psbA gene was found in all myoviruses 
and Prochlorococcus podoviruses, but could not be amplified from Prochlorococcus siphoviruses or Synechococcus 
podoviruses. Nearly all of the phages that encoded both psbA and psbD had broad host ranges. We speculate that the 
presence or absence of psbA in a phage genom e may be determined by the length of the latent period of infection. 
Whether it also carries psbD may reflect constraints on coupling of viral- and host-encoded PsbA-PsbD in the 
photosynthetic reaction center across divergent hosts. Phylogenetic clustering patterns of these genes from cultured 
phages suggest that whole genes have been transferred from host to phage in a discrete number of events over the 
course of evolution (four for psbA, and two for psbD), followed by horizontal and vertical transfer between 
cyanophages. Clustering patterns of psbA and psbD from Synechococcus cells were inconsistent with other molecular 
phylogenetic markers, suggesting genetic exchanges involving Synechococcus lineages. Signatures of intragenic 
recombination, detected within the cyanophage gene pool as well as between hosts and phages in both directions, 
support this hypothesis. The analysis of cyanophage psbA and psbD genes from field populations revealed significant 
sequence diversity, much of which is represented in our cultured isolates. Collectively, these findings show that 
photosynthesis genes are common in cyanophages and that significant genetic exchanges occur from host to phage, 
phage to host, and within the phage gene pool. This generates genetic diversity among the phage, which serves as a 
reservoir for their hosts, and in turn influences photosystem evolution.
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Introduction

T h e  m a r in e  c y a n o b a c te r ia  Prochlorococcus a n d  Synechococcus 
a re  th e  sm allest a n d  m o s t n u m e ro u s  p h o to sy n th e tic  cells in  
th e  o cean s  [1,2]. T h e  a b u n d a n c e s  o f  cy an o p h a g es  (cy an o b ac ­
te ria !  v iruses) th a t  in fe c t th ese  m a r in e  c y a n o b a c te r ia  vary 
o v e r sp a tia l [3-6] a n d  te m p o ra l  scales [4,7]— p a tte rn s  sh a p e d  
by  th e  d y n am ics o f  th e ir  h o s t  cells [4,8], C y an o p h ag es  a re  
d o u b le -s tra n d e d  D N A  v iruses b e lo n g in g  to  th re e  m o rp h o lo g ­
ically  d e f in e d  fam ilies: P o d o v ir id ae , M y ov iridae , a n d  S ip h o ­
v ir id a e  [3-5,9,10], A m o n g  th e  c y an o p h ag es , p o d o v iru se s  a n d  
s ip h o v iru ses  te n d  to  b e  very  h o st-sp ec ific , w h e reas  m y ov iruses 
g e n e ra lly  h av e  a b r o a d e r  h o s t  ra n g e , ev en  acro ss g e n e ra  [5], 
a n d  th u s a re  p o te n t ia l  v ec to rs  fo r  h o r iz o n ta l  g e n e  t ra n s fe r  via 
tra n s d u c tio n .

T h e  m o v e m e n t o f  gen es b e tw e e n  o rg a n ism s is a n  im p o r ta n t  
m ec h an ism  in  e v o lu tio n . As ag en ts  o f  g e n e  tra n s fe r , p h ag es 
p lay  a ro le  in  h o s t  e v o lu tio n  by  su p p ly in g  th e  h o s t  w ith  new  
g e n e tic  m a te r ia l  [11-15] a n d  by d isp lac in g  " h o s t” gen es w ith  
v ira l-e n c o d e d  h o m o lo g u e s  [16-18], P h a g e  e v o lu tio n  is in  tu rn

in f lu e n c e d  by th e  a c q u is it io n  o f  D N A  fro m  th e ir  h o sts  [13 ,19- 
22] a n d  by th e  sw ap p in g  o f  g en es w ith in  th e  p h a g e  g e n e  p o o l 
[23,24], R e c e n t ev id e n ce  suggests th a t  g e n e  flow  w ith in  th e  
g lo b a l p h a g e  g e n e  p o o l e x te n d s  acro ss ecosystem s [25-27], 

C y an o p h ag e  g e n o m e s b e a r in g  key p h o to sy n th e s is  genes 
psbA  a n d  psbD  p ro v id e  a n o ta b le  ex am p le  o f  th e  c o -o p tio n  o f  
" h o s t” gen es fo r  p h a g e  p u rp o se s  [13,22,28-30], T h e  psbA  a n d  
psbD  g en es e n c o d e  th e  tw o p h o to sy s te m  II c o re  re a c tio n
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c e n te r  p ro te in s , D I  a n d  D 2 (d e n o te d  h e re  as P sbA  a n d  PsbD , 
resp ec tive ly ), fo u n d  in  all oxygen ic  p h o to sy n th e t ic  o rg an ism s. 
I t  has re c e n tly  b e e n  sh o w n  th a t  th e  p h a g e -e n c o d e d  psbA  g en e  
is e x p re s s e d  d u r in g  in fe c t io n  [31,32], B ecau se  m ax im al 
c y a n o p h a g e  p r o d u c t io n  is d e p e n d e n t  o n  p h o to sy n th e s is  
[31,33], a n d  th e  h o s t  P sbA  p r o te in  tu rn s  o v e r  ra p id ly  [34] 
a n d  d ec lin es  d u r in g  in fe c tio n  [31], e x p re ss io n  o f  th ese  p h ag e- 
e n c o d e d  gen es likely  e n h a n c e s  p h o to sy n th e s is  d u r in g  in fe c ­
tio n , th u s  in c re a s in g  c y an o p h a g e  fitness.

I f  p h o to sy n th e s is  gen es in d e e d  p ro v id e  a fitn ess  a d v an tag e  
to  c y an o p h ag es , o n e  m ig h t e x p e c t th e m  to  b e  w id e sp re a d  
a m o n g  c y a n o p h a g e  g en o m e s. T h ro u g h  w h o le  o r  p a r tia l  
g e n o m e  se q u e n c in g , psbA  has  b e e n  d o c u m e n te d  in  th re e  
Prochlorococcus cy an o p h a g es  (one  p o d o v iru s  a n d  two m yov i­
ruses) a n d  five Synechococcus m y ov iruses, w h e reas  psbD  was 
fo u n d  in  on ly  so m e o f  th ese  p h ag es  [13,29,35], N e i th e r  o f  
th ese  gen es is fo u n d  in  th e  Synechococcus P6Û p o d o v iru s  
g e n o m e  [36], A  su rv ey  o f  Synechococcus m y o v iru s iso la tes 
re v ea le d  th a t  a t  le a s t 37 o f  th e m  c o n ta in e d  psbA  [29], a n d  
th is  g e n e  has a lso  b e e n  fo u n d  in  c y a n o p h a g e  g e n o m e  
f ra g m e n ts  in  se a w a te r  sam p les [37], T h u s, th e  p re se n c e  o f  
psbA  is a c o m m o n , b u t  n o t  u n iv e rs a l ,  f e a tu r e  in  th e  
cy an o p h a g es  e x a m in e d  to  d a te , m o st o f  w h ich  h av e  b e e n  
Synechococcus cy an o p h ag es .

U s in g  lim ite d  g e n o m ic  se q u e n c e  d a ta  f ro m  o n e  Synechococ­
cus a n d  th re e  Prochlorococcus c y an o p h ag es , we su g g ested  th a t  
b o t h a n d  psbD  w e re  t r a n s fe r r e d  as w h o le  g en es f ro m  h o s t  
to  p h a g e  m u ltip le  tim es, b u t  n o t  f ro m  p h a g e  to  h o s t  [13], 
S u b seq u en tly , Z e id n e r  e t  al. [37] an a ly zed  psbA  d a ta  p r e d o m ­
in a n tly  f ro m  fie ld  se q u e n ce s  a n d  su g g ested  th a t  g e n e tic  
ex ch an g es o f  seg m en ts  o f  th e  g e n e  ( in tra g en ic  re c o m b in a ­
tio n ) m ay  hav e  o c c u r re d  a m o n g  h o s t  a n d  p h a g e  co p ie s  in  
b o th  d ire c tio n s  [37], H o w ev er, th is no v e l a n d  c o n tro v e rs ia l  
h y p o th es is  re q u ire s  f u r th e r  in v e s tig a tio n  w ith  seq u en ces  o f  
k n o w n  o rg a n ism a l o r ig in  a n d  u s in g  m e th o d o lo g y  c ap a b le  o f  
id e n tify in g  th e  re c o m b in a t io n  p a r tn e r s  a n d  th e  d ire c tio n a lity  
o f  su ch  p o te n tia l  ex changes .

T o  b e t t e r  d e sc rib e  a n d  u n d e r s ta n d  th e  p h e n o m e n o n  o f  
p h o to sy n th e s is  gen es in  c y an o p h a g e , we lo o k e d  fo r  th e  psbA  
a n d  psbD  gen es in  33 c u ltu re d  c y an o p h a g e  iso la tes  th a t  in fe c t 
Synechococcus o r  Prochlorococcus (o r b o th )  a n d  an a ly zed  th e  
seq u en ces  o f  th ese  gen es in  th e  c o n te x t  o f  k n o w n  h o s t  ra n g es  
o f  th e  p h ag e . T h is  d a ta se t  a llo w ed  us to  a d d re ss  th e  fo llo w in g  
q u estio n s : (1) H ow  p re v a le n t  a re  b o th  psbA  a n d  psbD  in  
cy an o p h a g es  th a t  in fe c t  Synechococcus a n d /o r  Prochlorococcus? 
a n d  (2) T o  w h a t e x te n t  h av e  p h o to sy n th e s is  g e n es , o r  
seg m en ts  th e re o f , b e e n  m o v ed  b e tw e e n  a n d  a m o n g  h o sts  
a n d  phages?

Results/Discussion
Prevalence o f the  psbA and psbD  Genes in Cyanophages

T h e  psbA  g e n e  was a m p lif ie d  f ro m  28 o u t  o f  th e  33 
c y a n o p h a g e  iso la tes  e x a m in e d  (T ab le  1). C o m b in in g  th ese  
fin d in g s w ith  p u b lis h e d  re su lts  (T ab le  1), we f in d  th a t  th e  
g e n e  is p re s e n t  in  88%  o f  c y an o p h a g e  iso la tes  ex am in ed , 
in c lu d in g  all m y ov iruses (n — 32) a n d  all five Prochlorococcus 
p o d o v iru se s  in c lu d e d  in  th is study. H o w ev er, th is g e n e  was 
n o t  d e te c te d  in  Prochlorococcus s ip h o v iru se s  (n — 2) a n d  
Synechococcus p o d o v iru se s  (n — 3), su g g estin g  th a t  th e re  a re  
som e c o m b in a tio n s  o f  p h a g e  fam ily  a n d  h o s t  g e n u s  th a t  do  
n o t  le a d  to  in c o r p o r a t io n  o f  th e  psbA  g e n e  in to  th e  p h a g e

g e n o m e . S ix a d d it io n a l  p h ag es  y ie ld e d  a m b ig u o u s  re su lts  a n d  
w e re  e x c lu d e d  f ro m  th e s e  an a ly se s  (see M a te r ia ls  a n d  
M e th o d s  fo r  deta ils).

W h en  p re se n t , th e  psbA  g e n e  is likely  to  b e  fu n c tio n a l , as 
th e r e  is e v id e n c e  f o r  th e  c o n s e rv a t io n  o f  a m in o  a c id  
se q u e n ce s  th ro u g h  p u rify in g  se le c tio n  [13,37], a n d  th e  g en e  
is e x p re sse d  d u r in g  in fe c tio n  [31,32], im p ly in g  th a t  th is g en e  
c o n fe rs  a fitn ess  a d v a n ta g e  to  th e  p h ag es  th a t  c a rry  it 
[13 ,22 ,29 ,31], S u s ta in e d  p h o to s y n th e s is  is n e c e ssa ry  fo r  
m ax im al p h a g e  p ro d u c tio n  [31,33,38], a n d  th e  lo n g  la te n t  
p e r io d  o f  m an y  f re s h w a te r  a n d  m a r in e  cy an o p h a g es  (8 h  o r  
m o re ; [9,31,33,38]) p re su m a b ly  re su lts  in  en erg y - a n d /o r  
c a rb o n - l im ita t io n  fo r  p h a g e  re p lic a t io n . T h u s, c y an o p h a g e  - 
e n c o d e d  psbA  like ly  serves to  b o o s t  th e  p h o to s y n th e t ic  
p e r fo rm a n c e  o f  th e  h o s t  d u r in g  in fe c tio n , th e re b y  in c re a s in g  
p h a g e  p ro d u c tio n . I t  is p e rh a p s  n o t  c o in c id e n ta l  th a t  o n e  o f  
th e  p h ag es  th a t  lacks psbA , Synechococcus p o d o v iru s  P6Û (T able  
1), h as a la te n t  p e r io d  o f  o n ly  1 h  (K. W an g  a n d  F. C h en , 
p e rso n a l  c o m m u n ic a tio n ) , w h ich  m ay  b e  to o  s h o r t  fo r  psbA  
e x p re ss io n  to  b e  b en efic ia l. L a te n t  p e r io d  in fo rm a t io n  fo r  
m a r in e  c y an o p h ag es , h o w ev er, is sp a rse . I t  is n o t  k n o w n  fo r  
th e  Prochlorococcus s ip h o v iru se s  th a t  lack  psbA, a n d  it  has o n ly  
b e e n  sh o w n  to  b e  > 8  h  fo r  a sing le  p h a g e  s tra in  f ro m  e ac h  o f  
th e  Synechococcus m yo v iru ses [39] a n d  Prochlorococcus p o d o v i­
ru ses [31], F u r th e r ,  th e o ry  [40-43] a n d  e x p e r im e n ts  [44] 
su g g est th a t  la te n t  p e r io d  le n g th  m ay  b e  a t r a n s ie n t  p ro p e r ty  
th a t  ra p id ly  evolves in  re sp o n se  to  ch an g es in  h o s t  cell 
d e n s i tie s . T h u s , f u r t h e r  e x p lo r a t io n  o f  th is  h y p o th e s is  
re q u ire s  analysis o f  th e  la te n t  p e r io d  o f  m an y  m o re  p h ag e  
iso la tes  u n d e r  v a r ia b le  h o s t  cell c o n c e n tra tio n s .

T h e  psbD  g e n e  was a m p lif ie d  f ro m  15 o u t  o f  th e  33 
c y an o p h a g e  iso la tes e x a m in e d  (T ab le  1). A g ain , c o m b in in g  
o u r  d a ta  w ith  p u b lis h e d  fin d in g s , we o b se rv e  th a t  psbD  is 
fo u n d  o n ly  in  iso la te s  th a t  c o n ta in  psbA  a n d  o n ly  in  
m y ov iruses, b u t  n o t  in  all /«Z>A-containing m yov iruses. O n ly  
fo u r  o f  12 Prochlorococcus m yo v iru ses (as d e f in e d  by o r ig in a l 
h o s t  s tra in  o f  iso la tio n ; T ab le  1) c o n ta in e d  psbD, w h e reas  this 
was th e  case  fo r  17 o f  20 Synechococcus m yov iruses. A lth o u g h  it 
is p o ss ib le  th a t  d if fe re n c e s  in  th e  p h o to sy s te m  II re a c tio n  
c e n te r  b e tw e e n  Prochlorococcus a n d  Synechococcus ex is t (such  as 
d iffe re n c e s  in  th e  r a te  o f  P sbD  d e g ra d a tio n )  a n d  c o u ld  
e x p la in  th e  b ia se d  d is t r ib u t io n  o f  th e  psbD  g e n e  a m o n g  th e  
m y ov iruses, th e re  is n o  e v id e n ce  th a t  th is is th e  case. T h e  
b r e a d th  o f  p h a g e  h o s t  ra n g es  (as o p e ra t io n a lly  d e f in e d  in  
T ab le  1), h o w ev er, a p p e a rs  to  b e  a re a so n a b ly  g o o d  p re d ic to r  
o f  w h e th e r  a p h a g e  w ill c o n ta in  psbD : 17 o f  18 b ro a d -h o s t-  
ra n g e  p h ag es  e n c o d e  it, w h e reas  o n ly  o n e  o u t  o f  21 n a r r o w- 
h o s t- ra n g e  p h ag es  do  so (T ab le  1). P e rh a p s  b ro a d -h o s t-ra n g e  
p h ag es  h av e  c o -o p te d  both/«Z>A a n d  psbD  to  b e t t e r  e n su re  th e  
fo rm a t io n  o f  a fu n c tio n a l  P sb A -P sb D  p r o te in  c o m p le x  in  th e  
h o s t  d u r in g  in fec tio n .

Origins and Evolutionary History o f psbA and psbD  in 
Cyanophages

T o  in v es tig a te  th e  o rig in s  o f  p h o to sy n th e s is  g en es in  p h ages 
a n d  th e ir  h o sts , we c o n d u c te d  p h y lo g en e tic  analyses (using  
m ea su re s  to  m in im iz e  sy s tem atic  e r ro rs ;  see M a te ria ls  a n d  
M e th o d s)  o f  h o s t  a n d  p h a g e  psbA  a n d  psbD  se q u e n c e s , 
in c lu d in g  new  se q u e n c e  d a ta  fo r  n in e  Synechococcus h o sts  
(psbA), 19 Synechococcus a n d  Prochlorococcus h o s ts  (psbD), a n d  33 
p h ag es  (b o th  psbA  a n d  psbD). P h y lo g e n e tic  re c o n s tru c tio n s  o f  
h o s t  psbA  a n d  psbD  gen es in  Prochlorococcus sh o w ed  th a t  well-
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T a b le  1 .  Presence  o r A bsence o f psbA an d  psbD a m o n g  Prochlorococcus an d  Synechococcus C yan o p h ag es

Fam ily P h a g e
N am e

Cross-
In fec tio n 3

O riginal H o st3 N um b er o f
Known
H ostsb

H ost
R ange
Breadth

psbA

,d

psbD G en o m e
S e q u en ce
Confirm ation®

R eferen ce  
for psbA  
an d  psbD  
S e q u en ce

Podoviridae P-SSP3 Prochlorococcus MIT9312 2 Narrow + - - This study
P-SSP5 Prochlorococcus MIT9515 1 Narrow + - - This study
P-SSP6 Prochlorococcus MIT9515 1 Narrow + - - This study
P-SSP7 Prochlorococcus MED4 1 Narrow + - Y [13]
P-GSP1 Prochlorococcus MED4 1 Narrow + - - This study
Syn12 Synechococcus WH8017 2 Narrow - - - This study
Syn5 Synechococcus WH8109 1 Narrow Y This study; P. Weigele, 

W. Pope, G. Hatfull,
R. Hendrix, 
unpublished data

P60 Synechococcus WH7803 1 Narrow - - Y [36]
Myoviridae P-SSM8 Prochlorococcus MIT9211 2C Narrow + - - This study

P-SSM1 Prochlorococcus MIT9303 3 Broad + + - This study
P-RSM4 Prochlorococcus MIT9303 1c Narrow + - - This study
P-SSM2 Prochlorococcus NATL1A 3 Narrow + - Y [13]
P-RSM5 Prochlorococcus NATL1A 1c Narrow + - - This study
P-SSM3 Prochlorococcus NATL2A 3 Narrow + - - This study
P-SSM4 Prochlorococcus NATL2A 4 Broad + , ID to  P-RSM2, 

P-RSM3
+ Y [13]

P-SSM9 Prochlorococcus NATL2A 2C Narrow +, ID to  P-SSM12 - - This study
P-SSM10 Prochlorococcus NATL2A 1c Narrow + - - This study
P-SSM12 Prochlorococcus NATL2A 2C Narrow +, ID to  P-SSM9 - - This study
P-RSM2 A Prochlorococcus NATL2A 6 Broad +, ID to  P-RSM3, 

P-SSM4
+ — This study

P-RSM3 A Prochlorococcus NATL2A 6 Broad +, ID to  P-RSM2, 
P-SSM4

+ — This study

S-SM1 Synechococcus WH6501 2 Narrow + + - This study
S-ShM1 Synechococcus WH6501 2 Narrow + - - This study
S-SSM1 Synechococcus WH6501 2 Narrow + - - This study
syn33 A Synechococcus WH7803 8 Broad + + - This study
S-WHM1 A Synechococcus WH7803 5 Broad + + Y [29]
S-PM2 Synechococcus WH7803 2 Broad + + Y [29]
S-RSM2 na Synechococcus WH7803 Unknown N.D. + + Y [29]
S-BM4 na Synechococcus WH7803 Unknown N.D. + + Y [29]
S-RSM88 na Synechococcus WH7803 Unknown N.D. + + Y [29]
syn9 A Synechococcus WH8012 13 Broad + + Y This study; P. Weigele, 

W. Pope, G. Hatfull,
R. Hendrix, 
unpublished data

syn10 A Synechococcus WH8017 7 Broad -I-, ID to  syn26 + - This study
syn26 A Synechococcus WH8017 9 Broad -I-, ID to  syn10 + - This study
S-SSM3 A Synechococcus WH8018 5C Broad + , ID to  S-SSM5 + - This study
syn30 A Synechococcus WH8018 7 Broad + + - This study
synl Synechococcus WH8101 4 Broad + + - This study
S-ShM2 A Synechococcus WH8102 9 Broad + + - This study
S-SSM2 A Synechococcus WH8102 9 Broad + + - This study
S-SSM5 A Synechococcus WH8102 6C Broad + , ID to  S-SSM3 + - This study
S-SSM6 A Synechococcus WH8109 7C Broad + - - This study
syn19 A Synechococcus WH8109 9 Broad + + - This study

Siphoviridae P-SS1 Prochlorococcus MIT9313 1 Narrow - - - This study
P-SS2 Prochlorococcus MIT9313 1 Narrow This study

Presence is indicated b y + , and absence by —
Phages tha t contained identical sequences to  o ther phages are noted as “ ID to  X.”
aCultured strain used for isolation of phage from natural seawater samples. Phages are defined as either Prochlorococcus or Synechococcus phages based on original host of isolation, but 
many of th e  myoviruses cross-infect both genera. Those phages tha t cross-infect both genera are marked “A”, those tha t do not are left blank, and those tha t w ere not available for 
testing are marked “na”.
h 'h e  number of host strains infected by each phage out of 21 strains tested  [5].
cPhages w hose host ranges are first reported here: P-SSM8, Prochlorococcus MIT9211 and MIT9303; P-RSM4, Prochlorococcus MIT9313; P-RSM5, Prochlorococcus NATL1A; P-SSM9, 
Prochlorococcus NATL1A and NATL2A; P-SSM10, Prochlorococcus NATL2A; P-SSM12, Prochlorococcus NATL2A and NATL1A; S-SSM3, Prochlorococcus NATL1A and NATL2A, Synechococcus 
WH7803, WH8102 and WH8109; S-SSM5, Prochlorococcus MIT9303 and MIT9313, Synechococcus WH7803, WH8102, WH8103, and WH8109; S-SSM6, Prochlorococcus strains NATL1A, 
MIT9215, and MIT9211, Synechococcus strains WH6501, WH8017, WH8018, and WH8109.
dOperationally defined as narrow if a phage infects less than four hosts within a single cluster determined from 16S-23S rRNA internal transcribed spacer clustering [48] and broad if it 
infects more than four hosts within a cluster or at least tw o hosts tha t span more than one cluster. Small variations in this definition did not significantly affect th e  conclusions made, 
ind ica tes  w hether the  PCR results w ere corroborated by genom e sequencing. In all cases w here th e  genom e sequence becam e available, it confirmed th e  PCR results.
DOI: 10.1371/journal.pbio.0040234.t001
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Figure 1. P h y lo g en e tic  T ree o f psbA G en e  S e q u e n ce s  from  C u ltu red  C y an o b ac te ria  an d  C y an o p h ag e s

P h ag es  a re  listed  by  th e ir  n am e , fo llow ed  by  th e ir  orig inal host. P h ag e s  th a t  a re  know n  to  in fec t b o th  Prochlorococcus an d  Synechococcus h o s ts  a re  
in d ica ted  w ith  a “ A ”; th o s e  th a t  in fec t on ly  o n e  g e n u s  a re  lab e led  e ith e r  P (infect on ly  Prochlorococcus hosts) o r S (infect on ly  Synechococcus hosts), 
w hile th o s e  th a t  a re  u n k n o w n  a re  d e s ig n a te d  w ith  a P h ag es  sh o w n  in italics an d  b ra c k e ted  w ith  “**” w e re  iso la ted  o n  h o s ts  th a t  d o  n o t b e lo n g  to  
th e  sam e  c lu ste r an d  a re  th u s  e x ce p tio n s  to  th e  g en era l c lu stering  p a tte rn  (see  tex t). Taxa a re  co lo r co d e d  acco rd in g  to  th e  fo llow ing  biological 
g ro u p in g s : m yov iruses (red), p o d o v iru se s  (black), m arine  Synechococcus h o s ts  (light blue), m arin e  Prochlorococcus h o s ts  (dark  g re e n , LL; ligh t g re en , HL), 
f re sh w ate r cy an o b ac te ria  (dark  b lue). The tre e  to p o lo g y  w as  e s tim a te d  by  LogD et analysis o f  1st an d  2 n d  c o d o n  p ositions . S e q u e n ce s  w h e re  in trag en ic  
re co m b in a tio n  w as d e te c te d  using  o th e r  m e th o d s  (see M aterials an d  M ethods) w e re  n o t inc luded  in th e se  p h y lo g e n e tic  analyses. Branch le n g th s  w ere  
e s tim a te d  by  m ax im um  likelihood u n d e r  a m o d e l w ith  n o n s ta tio n a ry  n u c leo tid e  freq u en c ie s . N um bers  a t  th e  n o d e s  re p re s e n t ne ig h b o r-jo in in g  
b o o ts tra p p in g  a n d  m ax im um  likelihood puzzling  su p p o rt. A nab, Anabaena; Gloe, G leobac te r; HL, h ig h -lig h t a d a p te d ; LL, low -ligh t a d a p te d ; Syncy, 
Synechocystis; T herm o , Thermosynechococcus.
DOI: 10.1371/jo u rn a l.pb io .0040234.g001

s u p p o r te d  se q u e n c e  c lu s te rs  c o n ta in  on ly  o n e  o rg a n ism  type  
(F igures 1 a n d  2), w ith  seq u en ces  f ro m  h ig h -lig h t a d a p te d  (HL) 
a n d  lo w -lig h t a d a p te d  (LL) Prochlorococcus [45] fo rm in g  d isc re te  
c lu s te rs . T h ese  w e ll-s u p p o r te d  Prochlorococcus c lu s te rs  a re  
s im ila r  to  th o se  o b se rv e d  u s in g  o th e r  h o s t  gen es su ch  as 
rR N A , rpoC l, a n d  ntcA  [46-49], in d ic a tin g  th a t  psbA  a n d  psbD  
h av e  n o t  b e e n  tr a n s fe r r e d  b e tw e e n  Prochlorococcus lineages. In  
c o n tra s t ,  th e  Synechococcus c lu s te rs  fo r  b o th  psbA  a n d  psbD  a re  
p o o rly  su p p o r te d ,  a f in d in g  d if fe re n t  to  th a t  o b ta in e d  u s in g  
o th e r  h ig h ly  c o n se rv e d  gen es [46-49] a n d  th u s m ay  hav e  
re su lte d  f ro m  g e n e tic  e x ch a n g e  b e tw e e n  Synechococcus lineages.

T h e  psbA  se q u e n ce s  f ro m  Synechococcus m y ov iruses. Prochlor­
ococcus m y ov iruses, a n d  Prochlorococcus p o d o v iru se s  g e n era lly

fo rm e d  d isc re te  c lu s te rs  c o n s is te n t  w ith  th e ir  h o s t  ran g es 
(F ig u re  1), su g g estin g  th a t  th e  t ra n s fe r  o f  p h o to sy n th es is  
gen es f ro m  h o s t  to  p h a g e  has b e e n  la rg e ly  l im ite d  by  h o s t 
ra n g e  (b u t see  e x c e p tio n s  d iscu ssed  below ). A lth o u g h  m an y  o f  
th ese  p h ag es a re  c a p a b le  o f  in fe c tin g  b o th  h o s t  g e n e ra  
(d e n o te d  as “ A” in  all figures), we d e s ig n a te d  e ac h  c y a n o ­
p h a g e  iso la te  as a Prochlorococcus o r  Synechococcus c y a n o p h a g e  
b a se d  u p o n  its o r ig in a l h o s t  s tra in  o f  iso la tio n  (as m e n tio n e d  
ab o v e  a n d  in  T ab le  1). G iven  th is d e s ig n a tio n  sch em e, it 
a p p e a rs  th a t  tra n s fe rs  w e re  p re d o m in a n tly  f ro m  Prochlorococ­
cus to  th e i r  p h ag es a n d  f ro m  Synechococcus to  th e ir  phages. T h is 
suggests h o s t- ra n g e - l im ite d  h o s t- to -p h a g e  tr a n s fe r  even ts,
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Figure 2 . P h y lo g en e tic  T ree o f psbD  G ene  S e q u e n ce s  from  C u ltu red  C y an o b ac te ria  a n d  C y an o p h ag es

D etails as  in Figure 1. S e q u e n ce s  w h e re  in trag e n ic  re c o m b in a tio n  w as d e te c te d  using  o th e r  m e th o d s  (e.g., P-SSM1) w e re  n o t inc lu d ed  in th e se  
p h y lo g e n e tic  analyses.
DOI: 10.1371/jo u rn a l.pb io .0040234 .g002

w ith  su b s e q u e n t h o r iz o n ta l  a n d  v e r tic a l tra n s fe rs  o c c u r r in g  
a m o n g  v ira l lineages.

T w o iso fo rm s o f  th e  PsbA  p r o te in  a re  o f te n  fo u n d  in  
c y a n o b a c te r ia  [50], T h e  P sb A .l (D l .l )  iso fo rm  is c o n s titu tiv e ly  
ex p ressed , w h e reas th e  PsbA .2  (D1.2) iso fo rm  is u p re g u la te d  
in  re sp o n se  to  h ig h  lig h t a n d  U V  stress  [51,52]. M any o f  th e  
d iffe re n ce s  b e tw e e n  th e  iso fo rm s a re  fo u n d  in  te n  a m in o  
acids b e tw e e n  p o s i t io n  121 a n d  312 [50], B ased  o n  w h ich  
iso fo rm  th e  m a jo rity  o f  th ese  te n  a m in o  acids w e re  id e n tic a l 
to  ( in c lu d in g  g lu ta m in e /g lu ta m a te  a t  p o s i t io n  130), we 
d e te rm in e d  th a t  P sbA  f ro m  b o th  Prochlorocococus m y ov iruses 
a n d  p o d o v iru se s  a re  m o re  s im ila r  to  P sb A .l, th e  o n ly  iso fo rm  
fo u n d  in  Prochlorocococus h o s ts  so f a r  [53] (u n p u b lish e d  data). 
A lth o u g h  Synechococcus h o sts  e n c o d e  b o th  iso fo rm s (u n p u b ­
lis h e d  d a ta ) . Synechococcus m y o v iru ses  e n c o d e  th e  stress- 
re sp o n s iv e  PsbA .2 iso fo rm  exclusively  (u n p u b lish e d  data), 
w h ich  m ay  b e  p a r tic u la r ly  b en e fic ia l d u r in g  th e  stress  o f  
in fec tio n . T h ese  f in d in g s  a re  c o n s is te n t w ith  th e  h y p o th es is  o f  
h o s t - r a n g e - l im i te d  tr a n s fe r s  o f  th e  psbA  g e n e  (b u t  see  
e x c e p tio n s  below ).

H o s t- to -p h a g e  tra n s fe rs  a p p e a r  to  hav e  o c c u r re d  a t lea s t 
f o u r  tim es fo r  psbA  a n d  tw ice fo r  psbD , as seen  f ro m  th e

n u m b e r  o f  d isc re te  c lades c o n ta in in g  p h a g e -e n c o d e d  gen es in  
e ac h  case  (F igures 1 a n d  2). T h e  f o u r  psbA  g e n e  a cq u is itio n s  by 
p h a g e  a p p e a r  to  in c lu d e  tw o  t r a n s f e r  e v e n ts  f o r  th e  
Prochlorococcus m y ov iruses (Prochlorococcus m y ov irus g ro u p  1 
a n d  2 in  F ig u re  1) a n d  a s ing le  e v e n t fo r  Prochlorococcus 
p o d o v iru se s  all f ro m  th e ir  Prochlorococcus h o sts , as w ell as a 
s ing le  e v e n t fo r  Synechococcus m yo v iru ses f ro m  th e ir  h o sts  
(F ig u re  1). T h e  psbD  g e n e  a p p e a rs  to  hav e  b e e n  a c q u ire d  o n c e  
by  b o th  Synechococcus a n d  Prochlorococcus m yo v iru ses f ro m  th e ir  
re sp ec tiv e  h o sts  (F igu re  2). In te re s tin g ly , th e  th re e  Prochlor­
ococcus m yo v iru ses th a t  c o n ta in  psbD  all e n c o d e  Prochlorococcus 
m y o v iru s g ro u p  1 psbA  seq u en ces, su g g estin g  th a t  th is g en e  
was a c q u ire d  o n ly  o n c e  by  a su b se t o f  th ese  m yoviruses. 
A lth o u g h  th e  specific  so u rc e  is d iff ic u lt to  d e te rm in e  fro m  
p h y lo g en y  a lo n e , th e  p la c e m e n t o f  th e  Prochlorococcus m y o v i­
ru s se q u e n c e  c lu s te rs  suggests th a t  psbA  was d e r iv e d  fro m  
e i th e r  H L  Prochlorococcus h o s ts  o r  LL N A T L 2A -type  h o sts, 
w h ile  th e  psbD  g en es c o u ld  h av e  b e e n  a c q u ire d  f ro m  an y  o f  
th e  Prochlorococcus h o s ts  o th e r  th a n  M IT 9313 /9303 . T h e  
p la c e m e n t o f  th e  Prochlorococcus p o d o v iru s  (psbA only) a n d  
Synechococcus m y o v iru s se q u e n c e  c lu s te rs  a t  th e  b a se  o f  th e
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h o s t  a n d  v iru s c lades p ro v id es  l it t le  f u r th e r  in fo rm a tio n  
a b o u t  th e  so u rc e  o f  th ese  p h a g e  genes.

W e fo u n d  th re e  e x c e p tio n s  to  th e  ab o v e  h o s t-c o n s tra in e d  
e v o lu tio n a ry  s c e n a r io — i.e., cases w h e re  p h a g e  psbA  a n d  psbD  
gen es d id  n o t  c lu s te r  w ith  th o se  o f  th e ir  h o s ts  (F igu re  1 a n d  
F ig u res S I a n d  S2) a n d  d id  n o t  h av e  PsbA  iso fo rm s c o n s is te n t 
w ith  th a t  o f  th e ir  h o sts  (u n p u b lish e d  d a ta ). T h ese  in c lu d e  two 
n a r ro w  h o s t- r a n g e  Synechococcus m y o v iru ses  (S -S h M l, S- 
SSM 1), w h ic h  e n c o d e  psbA  s e q u e n c e s  m o s t  s im ila r  to  
Prochlorococcus m y ov iruses (F igu re  1) e v en  to  th e  e x te n t  th a t  
they  e n c o d e  th e  P sb A .l iso fo rm , as well as a Prochlorococcus 
m y o v iru s (P-SSM 1) w ith  a psbA  s e q u e n ce  th a t  is m o s t s im ila r  
to  th o se  f ro m  Synechococcus m y ov iruses (F igu re  1) a n d  e n co d e s  
th e  PsbA .2  iso fo rm  as e x p e c te d  fo r  a Synechococcus m yovirus. 
A lth o u g h  th e  la t t e r  c an  c ro ss - in fe c t across Prochlorococcus 
eco ty p es , i t  has  n o t  b e e n  sh o w n  to  in fe c t Synechococcus [5], T h e  
P-SSM 1 p h a g e  also  e n co d e s  psbD, w h ich , lik e  its psbA  g en e , is 
m o re  s im ila r  to  Synechococcus psbD  se q u e n ce s  th a n  th o se  o f  th e  
Prochlorococcus h o s t  u p o n  w h ich  i t  was iso la te d  (F ig u re  S2; n o te  
th a t  th is se q u e n c e  does n o t  a p p e a r  in  F ig u re  2 b e ca u se  it  was 
a c a n d id a te  fo r  in tra g e n ic  re c o m b in a tio n ;  see  M a te ria ls  a n d  
M ethods). I t  is likely  th a t  th ese  e x c e p tio n s  to  th e  r a th e r  
c o n s is te n t  h o s t-p h a g e  se q u e n c e  c lu s te r in g  re s u lte d  fro m  
h o riz o n ta l  t r a n s fe r  ev en ts  b e tw e e n  a b ro a d -h o s t-ra n g e  d o n o r  
p h a g e  a n d  a l im ite d -h o s t- ra n g e  r e c ip ie n t  p h a g e  d u r in g  
c o in fe c t io n  o f  a s ing le  h o s t, i.e., sw ap p in g  o f  gen es w ith in  
th e  p h a g e  g e n e  p o o l [24], W h o le  g e n e  tra n s fe rs  w ith in  th e  
p h a g e  g e n e  p o o l a re  likely  to  b e  m o re  c o m m o n  th a n  th is, b u t  
u n d e te c ta b le  w h en  o c c u r r in g  w ith in  p h ag es  th a t  fo rm  a 
d isc re te  p h y lo g en e tic  c lu s te r . T h ese  o b se rv a tio n s  call fo r  
c a u tio n  w h en  u s in g  c lu s te r in g  p a tte rn s  o f  psbA  a n d  psbD  
seq u en ces  f ro m  u n c u ltu r e d  p h a g e  (o b ta in e d  f ro m  e n v iro n ­
m e n ta l g e n o m e  d a ta )  to  id e n tify  p o te n t ia l  hosts.

Intragenic Recom bination w ith in  Core Reaction Center 
Proteins

T h e  lack  o f  w e ll-s u p p o r te d  c lad e  s t ru c tu re  in  p h y lo g en e tic  
re c o n s tru c tio n s  fo r  Synechococcus h o s t  s tra in s  w h en  u s in g  b o th  
psbA  a n d  psbD  d iffe rs  f ro m  th o se  c o n s tru c te d  u s in g  o th e r  
gen es [46-49], w h ich  le d  us to  w o n d e r  a b o u t  u n d e r ly in g  
m ec h an ism s th a t  c o u ld  b e  re sp o n s ib le  fo r  su ch  a b lu r r e d  
p h y lo g en e tic  signal. In  a r e c e n t  s tudy , Z e id n e r  e t  al. [37] 
sh o w ed  th a t  SyMcc/iococcMS-phage-like psbA  se q u e n ce s  f ro m  th e  
e n v iro n m e n t h a d  a p a tc h y  % G +C  d is tr ib u tio n , w h ich  they  
su g g est is d u e  to  in tr a g e n ic  r e c o m b in a t io n  [37], T h e ir  
analyses d e m o n s tra te d  th a t  su ch  re c o m b in a tio n  h a d  o c c u r re d  
w ith in  th e  in f e r r e d - p h a g e  c lu s te r s  a n d  w ith in  c lu s te rs  
sp a n n in g  b o th  p h a g e  a n d  h o s t  psbA  seq u en ces. T h ey  c o u ld  
n o t  d isc e rn , h o w ev er, w h e th e r  th e  s igna l was cau sed  o n ly  by 
p h a g e - to -p h a g e  ex ch an g es , o r  in c lu d e d  p h a g e - to -h o s t e x ­
ch an g es, b e ca u se  th e  m a jo rity  o f  th e ir  se q u e n ce s  w e re  o f  
u n k n o w n  o r ig in  (i.e., th ey  w ere  d e r iv e d  f ro m  e n v iro n m e n t 
c lo n e  lib ra rie s ) , a n d  th e  te s t  e m p lo y e d  does n o t  assess th e  
d ir e c t io n a l i ty  o f  in tr a g e n ic  r e c o m b in a t io n  ev en ts . O u r  
c u ltu re d  h o sts  a n d  p h ag es  p ro v id e  a n  o p p o r tu n ity  to  assess 
re c o m b in a tio n  p a r tn e r s  w ith o u t  a m b ig u ity  r e g a rd in g  th e  
so u rc e  o f  th e  genes. In  a d d it io n , th e  k n o w n  h o s t  ra n g es  o f  
th e se  p h a g es  [5] (T ab le  1), to g e th e r  w ith  th e  ty p es o f  
r e c o m b in a t io n  te s ts  we h a v e  u s e d  (see M a te r ia ls  a n d  
M eth o d s), a llow  us to  assess th e  d ir e c tio n a li ty  a n d  th e  
pa th w ay s th ro u g h  p h ag es  a n d  h o sts  th a t  th ese  re c o m b in a tio n  
ev en ts  a re  likely  to  hav e  taken .
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As a f irs t a sse ssm en t fo r  p o te n tia l  in tra g e n ic  re c o m b in a ­
tio n , we an a ly zed  th e  % G +C  p a tte rn s  in  all o f  th e  psbA  a n d  
psbD  g en es (F igures 3 a n d  4, re sp ec tive ly ). Prochlorococcus 
p h a g e  g en es h a d  s im ila r  av erag e  % G +C  c o n te n ts  to  th o se  
f ro m  th e ir  Prochlorococcus h o sts  (3 9 % -4 6 % ), w h e reas  th o se  o f  
Synechococcus p h ag es  h a d  % G+C c o n te n ts  th a t  w e re  lo w e r th a n  
th o se  f ro m  th e ir  Synechococcus h o sts  (4 6 % -5 1 %  v ersus 5 6 % - 
62% ), b u t  n o t  as low  as th o se  f ro m  Prochlorococcus h o sts  a n d  
phages. T h is in te rm e d ia te  % G +C  c o u ld  b e  th e  re su lt  o f  
in tra g e n ic  re c o m b in a t io n  b e tw e e n  v a r ia n ts  o f  th e  two h o s t 
lin eag es. A lte rn a tiv e ly , i t  m ay  re fle c t th e  c u r r e n t  s ta te  o f  
m u ta t io n a l  a m e lio ra tio n  o f  th e  a c q u ire d  g e n e  f ro m  a h ig h  
% G + C  so u rc e  to w ard s  th e  low  g e n o m e -w id e  % G +C  o f  th e  
v iru s (Synechococcus m y ov iruses S-PM 2 a n d  Syn9 b o th  hav e  low  
g e n o m e -w id e  % G +C ; [28]; P. W eigele , W. P o p e , G. H a tfu ll, R. 
H e n d r ix , p e rso n a l  c o m m u n ic a tio n ) . I f  th e  la t te r  is th e  case, 
w e m ig h t e x p e c t  su ch  a m e lio ra tio n  to  b e  c o n s ta n t  a cro ss  th e  
g en e , re su ltin g  in  a n  ev en  % G +C  d is t r ib u t io n  p a tte rn .

T o  h e lp  d i f f e r e n t i a te  b e tw e e n  th e s e  h y p o th e s e s ,  we 
m a p p e d  th e  % G +C  v a r ia tio n  acro ss  th e  psbA  a n d  psbD  gen es 
u s in g  th e  m e th o d o lo g y  d e v e lo p e d  by  Z e id n e r  e t  al. [37], W e 
d e te c te d  p a tc h in e ss  o f  % G + C  in  Synechococcus m y o v iru s psbA  
se q u e n ce s  d isp e rse d  a lo n g  th e  le n g th  o f  th e  g e n e  (F igu re  3), 
c o n firm in g  th e  fin d in g s r e p o r te d  by  Z e id n e r  e t  al. [37], W e 
also d e te c te d  % G + C  p a tc h in e ss  a m o n g  psbA  f ro m  Prochlor­
ococcus p o d o v iru se s , b u t  n o t  f ro m  Prochlorococcus m yov iruses, 
d e sp ite  ov era ll s im ila rity  o f  th e ir  % G + C  c o n te n t  w ith  th e ir  
Prochlorococcus hosts. T h is  suggests th a t  in tra g e n ic  r e c o m b i­
n a t io n  has o c c u r re d  a m o n g  th e  p o d o v iru se s . In  a d d itio n , 
p a t te rn s  o f  % G + C  w ere  n o t  u n ifo rm  a n d  ev en  m ark e d ly  
c lu m p e d  across th e  psbD  g e n e  f ro m  Synechococcus m yov iruses 
(F ig u re  4), w ith  th e  f irs t se g m e n t re se m b lin g  Synechococcus 
h o s ts  a n d  th e  la s t se g m e n t re se m b lin g  Prochlorococcus h o sts  
a n d  th e ir  p h ages . T h u s, in tra g e n ic  re c o m b in a tio n  is likely  to 
b e  a t  le a s t p a r tly  re sp o n s ib le  fo r  th e  in te rm e d ia te  % G +C  
c o n te n t  in  Synechococcus m y o v iru s psbA  a n d  psbD  seq u en ces.

S ta tis tic a l m e th o d s  fo r  d e te c t in g  in tra g e n ic  re c o m b in a tio n  
(see M a te ria ls  a n d  M e th o d s) re v ea le d  s tro n g  e v id e n ce  fo r  its 
p re se n c e  in  b o th  th e  psbA  a n d  psbD  se q u e n c e  sets (T ables S I 
a n d  S2), b u t  th e  re la tiv e  f re q u e n c y  o f  re c o m b in a t io n  even ts 
was n o t  e q u a l fo r  d i f fe re n t  g ro u p s  o f  h o sts  a n d  phages. 
R e c o m b in a tio n  a p p e a rs  m o s t c o m m o n  a m o n g  th e  c y a n o p h ­
ages, a n d  m o re  so fo r  Synechococcus th a n  Prochlorococcus phages. 
E x ch an g es w ere  d e te c te d  b e tw e e n  p h ag es th a t  in fe c t  b o th  
Synechococcus a n d  Prochlorococcus as w ell as w ith in  m yov iruses 
th a t  in fe c t a s ing le  g en u s  (Synechococcus). N o te  th a t  ex ch an g es 
w ith in  a s ing le  p h y lo g e n e tic  p h a g e  c lu s te r , su ch  as w ith in  th e  
Synechococcus m y ov iruses, w e re  u n d e te c ta b le  by o u r  p rev io u s  
p h y lo g en e tic  analyses. In te re s tin g ly , o u r  analyses also  re v ea le d  
ex ch an g es  b e tw e e n  Prochlorococcus-specific  p o d o v iru se s  a n d  
b ro a d -h o s t-ra n g e  Synechococcus m yov iruses, w ith  th e  Prochlor­
ococcus p o d o v iru se s  se rv in g  as th e  d o n o rs  (T ab le  S I). M a rin e  
c y an o b a c te r ia !  p o d o v iru se s  c o n ta in  in te g ra se  gen es a n d  a re  
th o u g h t to  h av e  th e  ab ility  to  in te g ra te  in to  th e  g e n o m e s o f  
th e ir  h o sts  as p ro p h a g e s  [30] (P. W eigele , W. P o p e , G. H a tfu ll, 
R. H e n d r ix ,  p e r s o n a l  c o m m u n ic a tio n ) .  I f  t ru e ,  g e n e tic  
e x ch a n g e  c o u ld  o c c u r  b e tw e e n  th e  Prochlorococcus p ro p h a g e  
a n d  a Synechococcus ly tic  p h a g e — a sc e n a rio  w ell a c c e p te d  in  
o th e r  p h a g e -h o s t system s fo r  g e n e tic  e x ch a n g e  [14,15],

In tra g e n ic  re c o m b in a t io n  in v o lv in g  h o s t  g en es a p p e a rs  less 
c o m m o n  th a n  p h a g e - to -p h a g e  re c o m b in a tio n  ev en ts  (T ables 
S I a n d  S2). E x ch an g es b e tw e e n  Synechococcus a n d  th e ir  v iruses
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F igure 3 . V isualization o f  %G+C C o n te n t acro ss  th e  psbA G ene
C olors re p re s e n t th e  a v e rag e d  %G+C in sliding w in d o w s a lo n g  th e  le n g th  o f th e  g e n e  (20% —80%); w h ite  reg io n s  re p re s e n t w in d o w s th a t  inc luded  
a m b ig u o u s  b a se s  in w hich  %G+C cou ld  n o t b e  ca lcu la ted  fo r th a t  reg ion . T he a v e rag e  %G+C c o n te n t  o f  th e  am plified  s e q u e n c e  is ta b u la te d  o n  th e  
righ t s ide  o f  th e  figure. P h ag es  a re  listed  by  p h a g e  n a m e  fo llow ed  by th e ir  orig inal h o s t. P h ag es  th a t  a re  k now n  to  in fec t b o th  Prochlorococcus and  
Synechococcus h o s ts  a re  in d ica ted  w ith  a “ A"; th o s e  th a t  in fec t on ly  o n e  g e n u s  o r  th e  o th e r  h ave  n o  m arker, w hile th o s e  th a t  a re  u n k n o w n  are  
d e s ig n a te d  w ith  a “ ?". H ost n am es  a re  p re faced  w ith  Syn o r Pro fo r Synechococcus an d  Prochlorococcus h o sts , respec tive ly . Scale in d ic a tes  n u c leo tid e  
po s itio n s  re la tive  to  th e  psbA g e n e  s e q u e n c e  in Thermosynechococcus.
DOI: 10.1371/jo u rn a l.pb io .0040234 .g003

a re  ev id e n t, h o w ev er, a n d  a p p e a r  to  hav e  o c c u r re d  b o th  fro m  
h o s t  to  p h a g e  a n d  p h a g e  to  h o s t  fo r  b o th  psbA  a n d  psbD. 
A lth o u g h  su c h  ev en ts  w e re  n o t  d e te c te d  b e tw e e n  Prochlor­
ococcus a n d  th e ir  p h ag es , th e re  w e re  cases w h e re  Prochlorococcus 
m y ov iruses w e re  th e  re c ip ie n ts  o f  e x te rn a l  D N A  fro m  an  
u n k n o w n  so u rc e  (i.e., r e c o m b in a t io n  ev en ts  po ss ib ly  in v o lv ­
in g  d o n o rs  o u ts id e  o f  o u r  d a ta se t). T h u s, p h ag es  m ay  be  
c o n tr ib u t in g  to  th e  in tra g e n ic  r e c o m b in a t io n  o f  p o r t io n s  o f  
th ese  gen es in  Synechococcus, p e rh a p s  e x p la in in g  th e  lack  o f  
p h y lo g en e tic  s t ru c tu re  o b se rv e d  in  psbA  a n d  psbD  tree s  fo r  
Synechococcus c lu s te rs  (b u t n o t  fo r  Prochlorococcus c lu s te rs) 
re la tiv e  to  th o se  o b ta in e d  w h en  u s in g  o th e r  p h y lo g en e tic

m a rk e rs  [46 -49], P re su m a b ly , p h a g e -h o s t  in tr a g e n ic  e x ­
ch an g es o c c u r  v ia h o m o lo g o u s  r e c o m b in a t io n  d u r in g  in fe c ­
tio n . C learly , th e  t r a n s fe r  o f  D N A  will b e  r e ta in e d  in  h o s t 
l in eag es  o n ly  if  in fe c tio n  fails to  lyse th e  h o s t  (e.g., a b o rtiv e  
in fe c tio n  [54]).

F ina lly , in tra g e n ic  ex ch an g es  a m o n g  h o sts  w e re  also  o c c a ­
sio n a lly  d e te c te d , p a r tic u la r ly  a m o n g  Synechococcus (T ables S I 
a n d  S2). T h is  m ay  also p lay  a ro le  in  th e  lack  o f  c lade  
s t ru c tu re  a m o n g  Synechococcus s tra in s  in  th e  psbA  a n d  psbD  
trees. A lth o u g h  two p o ss ib le  in tra g e n ic  re c o m b in a t io n  even ts 
b e tw e e n  Synechococcus a n d  Prochlorocococus w e re  id en tif ie d , th ey  
w ere  re so lv ed  as sm all re g io n s  (1 5 -1 6  bases) a n d  m ay  b e  false
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DOI: 10.1371/jo u rn a l.pb io .0040234 .g004

positives. H o s t- to -h o s t tra n s fe rs  m ay  hav e  o c c u r re d  th ro u g h  
th e  u p ta k e  o f  D N A  d ire c tly  f ro m  th e  e n v iro n m e n t  (e.g., via 
tra n s fo rm a tio n )  o r  th ro u g h  v ira l in te rm e d ia te s  [37], Su ch  
h o s t- to -h o s t  in tra g e n ic  ex ch a n g es  via v ira l in te rm e d ia te s  
p re su m a b ly  o c c u r  th ro u g h  g e n e ra liz e d  t ra n s d u c tio n  [55],

In  su m m ary , o u r  f in d in g s  su g g est th a t  th e  sh u fflin g  o f  
seg m en ts  o f  psbA  a n d  psbD  w ith in  th e  c y a n o p h a g e  g e n e  p o o l 
has g e n e ra te d  s ig n ific a n t p h o to sy n th e s is  g e n e  d iv e rs ity  a n d  
serves as a n  e x te n d e d  re se rv o ir  o f  g e n e tic  d iv ers ity  fo r  th e ir  
h o sts, in f lu e n c in g  p h o to sy s te m  e v o lu tio n .

psbA and psbD  Gene Diversity in Cultured Isolates 
Captures M ost o f the Field D iversity

W e n e x t  so u g h t to  d e te rm in e  h ow  well psbA  a n d  psbD  
s e q u e n ce  d iv ers ity  o b se rv e d  in  c u ltu re  c o lle c tio n s  re p re se n ts  
th a t  o b se rv e d  in  w ild  p h a g e  p o p u la t io n s ,  a n d  w h e th e r  
a d d it io n a l  w h o le -g en e  h o s t- to -p h a g e  tr a n s fe r  ev en ts  c o u ld  
b e  id e n tif ie d  f ro m  th ese  w ild  se q u e n ce s  f ro m  th e  p h a g e  g en e  
p o o l. Z e id n e r  e t  al. [37] h a d  p re v io u s ly  e x a m in e d  fie ld  
d iv ers ity  o f  th e  psbA  g e n e  se q u e n c e  fro m  e n v iro n m e n ta l  
sa m p le s  w h e re  Synechococcus s t r a in s  w e re  th e  d o m in a n t

p h o to tr o p h  [37], T h u s, we so u g h t to  e x am in e  g e n e tic  d iv ers ity  
o f  th is g en e , as well as th a t  o f  psbD, f ro m  a n  e n v iro n m e n t 
w h e re  Prochlorococcus cells c o m m o n ly  o u tn u m b e r  Synechococcus 
cells by  o rd e rs  o f  m a g n itu d e  [56], T o  th is e n d , we am p lified , 
c lo n e d , a n d  s e q u e n c e d  psbA  a n d  psbD  g e n e  s e q u e n c e s  
o b ta in e d  f ro m  th e  v ira l-s ized  f r a c t io n  (0 .02 -0 .2  pm ) o f  two 
se a w a te r  sam p les w ith in  (25 m ) a n d  b e lo w  (75 m ) th e  m ix e d  
la y e r  in  th e  Pacific  O c e a n  o ff  th e  c o as t o f  H aw aii (F igures 5 
a n d  6, respec tive ly ). T h e  psbA  a n d  psbD  se q u e n ce s  f ro m  th ese  
v ira l- f ra c tio n  sam p les c lu s te re d  w ith  c u ltu re d  Prochlorococcus 
c y an o p h a g e  iso la tes (w ith  v a ry in g  levels o f  su p p o r t ;  F ig u re s  5 
a n d  6), b u t  n o t  w ith  Synechococcus cy an o p h ag es . T h e re  was n o t  
a n o ta b le  d if fe re n c e  in  th e  p h y lo g en e tic  p la c e m e n t o f  th e  
psbA  o r  psbD  c lo n es o b ta in e d  f ro m  w ith in  o r  b e lo w  th e  m ix e d  
layer. A lth o u g h  th is suggests a lack  o f  v e r tic a l s t ru c tu re  in  
d iv e rs ity  a m o n g  th e  se q u e n c e  types, w e d id  n o t  se q u e n ce  
th ese  sam p les to  s a tu ra t io n ;  th u s , su c h  c o n c lu s io n s  a re  
p re lim in a ry .

M o re  th a n  h a lf  o f  th e  wild/«Z>A se q u e n ce s  (42 o f  81) fo rm  a 
la rg e  c lu s te r  w ith  c u ltu re d  Prochlorococcus p o d o v iru se s  (F igure  
5). W ith in  th is g ro u p , all b u t  o n e  c lu s te r  o f  w ild  seq u en ces
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S e q u e n ce s  from  th e  Hawaii O cean  Tim e Series Site in th e  Pacific O cean
P hy logene tic  tre e  o f psbA  g e n e  s e q u e n c e s  a n d  c lo n e d  e n v iro n m en ta l s e q u e n c e s  w e re  co llec ted  from  a b o v e  (25 m , black) a n d  b e lo w  (75 m , red) th e  
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nam in g  co n v en tio n s  a re  as in Figure 1. Synechococcus e n v iro n m en ta l “viral" s e q u e n c e s  from  [37], T he tre e  to p o lo g y  w as e s tim a te d  by  LogD et analysis 
o f 1st an d  2n d  c o d o n  p ositions , w ith  b ra n ch  le n g th s  e s tim a te d  using  s ta tio n a ry  n u c leo tid e  freq u en c ie s.
DOI: 10.1371/jo u rn a l.pb io .0040234 .g005

c o n ta in  c u l tu r e d  p o d o v iru s  s e q u e n c e s  (F ig u re  5). T h e  
e x ten s iv e  m ic ro d iv e rs ity  in  th is c lu s te r  (lab e led  " u n r e p r e ­
se n te d  1” ) was p ro b a b ly  d e r iv e d  f ro m  w ith in  th e  p o d o v iru s  
g e n e  p o o l, as e v id e n ce d  by th e  p re se n c e  o f  p o d o v iru s  p h a g e  
iso la tes in  th e  m o re  b asa l b ra n c h e s  o f  th e  c lu s te r . O th e r  psbA  
s e q u e n ce s  f ro m  th e  fie ld  sam p le s fo rm  su b c lu s te rs  th a t  
c o n ta in  c u ltu re d  Prochlorococcus m y ov iruses a n d  fo rm  a la rg e  
g ro u p  th a t  also  c o n ta in s  Prochlorococcus h o sts  (F igu re  5). O n e  
c lu s te r  ( " u n re p re s e n te d  2” in  F ig u re  5) w ith in  th is g ro u p  also 
lacks se q u e n ce s  f ro m  c u ltu re d  h o sts  o r  p h ages . T h e  basal 
p o s i t io n  o f  th is c lu s te r  suggests th a t  th ese  se q u e n ce s  m ay 
b e lo n g  to  p h ag es  th a t  in fe c t a s-y et u n c u ltu r e d  Prochlorococcus 
h o sts  [57] a n d  m ay  r e p re s e n t  a n  a d d it io n a l  h o s t- to -p h a g e
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tr a n s fe r  ev en t. T h u s, o u r  w o rk  h e re , to g e th e r  w ith  th a t  o f  
Z e id n e r  e t  al. [37], suggests th a t  c y an o p h a g e  c u ltu re  c o lle c ­
tio n s  re p re s e n t  m u c h  o f  th e  n a tu ra lly  o c c u r r in g  Prochlorococ­
cus a n d  Synechococcus c y an o p h a g e  psbA  g e n e  se q u e n c e  d iv ers ity
[37],

A ll psbD  se q u e n ce s  f ro m  w ild  p h ag es  fa ll in to  a s ing le  well- 
s u p p o r te d  c lu s te r  th a t  in c lu d es  a r e p re se n ta t iv e  c u ltu re d  
Prochlorococcus c y an o p h a g e  P-SSM 4 (F igure  6). T h is  c lu s te r  
revea ls s ig n ific a n t m ic ro d iv e rs ity  w ith in  th e  psbD Prochlor­
ococcus p h a g e  g e n e  p o o l in  th e  v ira l- f ra c tio n  f ro m  th is Pacific  
O c e a n  site  a n d  suggests th a t  p h ag es th a t  e n c o d e  Prochlor- 
ococatv-phage-like psbD  g en es a re  p e rh a p s  n o t  r a re  in  this 
e n v iro n m e n t .  T h e  f o u r  Prochlorococcus c y a n o p h a g e s  th a t
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Figure 6 . P hy logene tic  T ree o f  psbD  G en e  S e q u e n ce s  from  C u ltu red  C yanobacteria! a n d  C y an o p h a g e  R ep resen ta tiv es  an d  C loned  E nvironm ental 
S e q u e n ce s  from  th e  Pacific O cean
D etails fo r n am in g  c o n v en tio n s  a re  as  in Figure 1, an d  p h y lo g e n e tic  analy ses  a re  as in Figure 5.
DOI: 10.1371/jo u rn a l.pb io .0040234 .g006

c o n ta in  th e  psbD  g e n e  in  o u r  c u ltu re  c o lle c tio n  o r ig in a te d  
f ro m  e ith e r  th e  S argasso  Sea o r  th e  R ed  Sea; thu s, i t  is 
p e rh a p s  n o t  su rp r is in g  th a t  th e  v ira l- f ra c tio n  m ic ro d iv e rs ity  
f ro m  th e  Pacific  O c e a n  is la rg e ly  u n r e p re s e n te d  in  th is 
co llec tio n .

Conclusions
T h e  p h a g e  g e n o m ic  r e p e r t o i r e  ev o lv es th r o u g h  th e  

ex ch a n g e  o f  g e n e tic  m a te r ia l  f ro m  o th e r  p h ag es  [24] a n d  by 
c o -o p tin g  m e ta b o lic  gen es f ro m  th e ir  h o sts  [13,20,22]. T h e  
p re v a le n c e  o f  p h o to sy n th e s is  gen es in  cy an o p h a g es  s tro n g ly  
suggests th a t  th e  c a p tu re  o f  th ese  g en es p ro v id es  a s ig n ific a n t

fitn ess a d v an tag e  a m o n g  c e r ta in  c y an o p h a g e  types. P re v i­
ously, we hav e  sh o w n  th a t  th e  h o riz o n ta l  t r a n s fe r  o f  Mi gen es 
fro m  c y an o p h a g es  to  th e ir  h o sts  has likely  p lay e d  a ro le  in  
d r iv in g  h o s t  n ic h e  d i f f e r e n t i a t io n  [13], M o re  re c e n tly ,  
cy an o p h a g es  w ere  h y p o th e s iz e d  to  b e  in v o lv ed  in  p a r tia l  
g e n e  ex ch an g es  ev en  fo r  th e  c o re  p h o to sy s te m  g e n e  psbA  o f  
th e i r  h o sts  [37], H e re , we show  th a t  g e n e tic  ex ch an g es  
in v o lv in g  cy an o p h a g es  m ay  hav e  in f lu e n c e d  th e  m a k e -u p  o f  
b o th  o f  th e  c o re  p h o to sy s te m  II  gen es (psbA a n d  psbD) in  
Synechococcus, w h e reas  th is was less a p p a r e n t  fo r  Prochlorococcus. 
T h e re fo re , m o u n tin g  ev id e n ce  in d ic a te s  th a t  h o s t- lik e  genes 
a c q u ire d  by  p h ag es  u n d e rg o  a p e r io d  o f  d iv e rs if ica tio n  in
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p h a g e  g e n o m e s a n d  serve  as a g e n e tic  re se rv o ir  fo r  th e ir  
hosts. T h u s, a c o m p le x  p ic tu re  o f  o v e r la p p in g  p h a g e  a n d  h o s t  
g e n e  p o o ls  em erg es , w h e re  g e n e tic  e x ch a n g e  across th ese  
p o o ls  lead s to  e v o lu tio n a ry  c h an g e  fo r  h o s t  a n d  p h ag e . Fully  
u n d e r s ta n d in g  th e  m e c h a n ism s  o f  m ic ro b ia l  a n d  p h a g e  
c o e v o lu tio n  c learly  re q u ire s  a n  im p ro v e m e n t in  o u r  ab ility  
to  q u a n tify  h o r iz o n ta l  g e n e  tra n s fe r  a t  th e  w h o le  a n d  p a r tia l  
g e n e  level a n d  in  o u r  ab ility  to  a c c u ra te ly  e s tim a te  th e  
re la tiv e  fluxes in to  a n d  o u t  o f  th ese  pools.

M aterials and M ethods
DNA isolation from  cultured hosts and phages and environm ental 

samples. Eleven strains o f Prochlorococcus, ten  strains o f  Synechococcus, 
and 38 phages o f Prochlorococcus and  Synechococcus (seven podoviruses, 
29 myoviruses, and two siphoviruses) were screened fo r psbA and  psbD 
sequences fo r this study. We rep o rt here  on  new psbA sequences from  
nine Synechococcus hosts and new psbD sequences from  19 Prochlor­
ococcus and  Synechococcus hosts (including two from  unpublished 
Synechococcus genomes fo r strains CC9605 and CC9902; available from
http://genome.jgi-psf.org/mic home.html. The 38 phages screened
included seven phage tem plates fo r which genom e sequences are now 
available (P-SSM2, P-SSM4, P-SSP7, S-PM2, S-WHM1, Syn5, Syn9), 
enabling us to validate o u r PCR am plification findings. Host genomic 
DNA was extracted using a DNeasy Tissue Kit (Qiagen, Valencia, 
California, U nited  States). Filtered (0.2 pm, Acrodisc supor m em ­
brane syringe filter) phage lysates in Pro99 m edium  were used as DNA 
tem plates fo r subsequent PCR amplification experiments.

Environm ental samples were collected from  the Hawaii Ocean 
Time Series (HOT) on 15 O ctober 2003 at 45°N 158°W from  depths o f 
25 m and 75 m. These samples were filtered through a 0.2-JJ.m filter 
(Osmonics, M innetonka, Minnesota, U nited  States, Poretics polycar­
bonate 25-mm filter) to  remove cellular m aterial and substantially 
enrich fo r environm ental phages. A 100-ml volume of 0.2-JJ.m filtrate 
was then  filtered onto a 0.02-JJ.m filter (W hatman A notop 25) to 
collect phage particles and resuspended in 7 ml o f a modified SM 
storage buffer (600 mM NaCl, 8 mM MgS0 4 -7H 20 , 50mM Tris [pH 
7.5], 0.04% gelatin).

Overview of psbA and psbD screening strategy. PCR screening for 
psbA and  psbD across a diverse set o f samples presented  several 
challenges. These included variable am plification efficiencies, u n ­
certainty about w hether amplicons derived from  phage o r host, and 
m ultiple gene copies in hosts. The amplification strategy was as 
follows: fo r each virus and host strain, four PCR reactions were 
carried  out, pooled, and analyzed by gel electrophoresis; if  the 
amplification product was no t visible, it was dilu ted  10-fold and used 
as tem plate fo r nested o r sem i-nested PCR and the resulting products 
analyzed; if  still no product was visible, m ultiple phage stocks were 
rescreened. M ultiple copies o f  psbA in Synechococcus strains were 
identified by sequencing many clones and were distinguished from  
sequencing e rrors as described below. We did n o t screen fo r m ultiple 
copies o f psbA from  Prochlorococcus o r m ultiple copies o f psbD from  
either Synechococcus o r Prochlorococcus, as when present, they are 
generally indistinguishable from  each o th er [58-60].

Amplification of psbA and psbD. PCR reactions were perform ed 
with Taq DNA polymerase and deoxyribonucleotide triphosphates 
from  New England Biolabs (Beverly, Massachusetts, U nited  States) o r 
Invitrogen (Carlsbad, California, U nited  States) and carried  ou t with 
a PTC -100 o r PTC-200 DNA Engine (MJ Research, W altham , 
Massachusetts, U nited  States) o r a Robocycler G radient 96 (Strata- 
gene, L ajo lla , California, U nited  States). Tem plate am ounts were 10 
ng of genomic DNA fo r Prochlorococcus and Synechococcus, 1 pi o f lysate 
fo r cyanophages, and 2 pi o f filtrate fo r environm ental samples. PCR 
prim ers and amplification reaction  conditions are shown in Tables S3 
and S4.

The psbA gene from  all sources was amplified using p rim er pair 
psbA-FIK [61] and PCR protocol A (Tables S3 and S4). Four reactions 
were conducted with each tem plate, and the products were pooled 
and analyzed by agarose gel electrophoresis. P rim er psbA-R falls on 
the in tro n  region in S-PM2 [29]. Therefore, fo r efficient amplification 
o f phage psbA genes that may contain introns, and fo r increased 
sensitivity, we used the Fro-psbA-FfK p rim er set and protocol B in 
nested PCR reactions when no PCR product was visible from  
cyanophage lysates and environm ental filtrates. To reduce the 
incidence o f heteroduplex form ation, am plification products from  
environm ental samples were subjected to reconditioning PCR [62]:

initial PCR products were dilu ted  1:10, then  amplified using protocol 
A bu t fo r only three  cycles.

The psbD gene from  Prochlorococcus, Synechococcus, and cyanophages 
was amplified using prim er pa ir psbD-54FIpsbD-308R and  protocol D. 
However, when product yield was low or absent, sem i-nested PCR was 
carried  ou t as follows. Am plification was first conducted using p rim er 
pa ir psbD-26FlpsbD-308R. and  pro toco l C. Four reactions were 
conducted with each tem plate, the products were pooled, diluted 
1:10, and used as tem plates fo r a second round  o f am plification using 
p rim er pair psbD-54FlpsbD-308R and  protocol D. psbD from  environ­
m ental samples was amplified using prim er pa ir psbD-26FipsbD-308R 
and protocol C and subjected to  reconditioning PCR as fo r psbA (see 
above).

In  p repara tion  fo r sequencing, PCR products were e ither purified 
directly using the QIAquick PCR Purification Kit (Qiagen) o r 
separated on an agarose gel and then  purified using the QIAquick 
Gel Extraction Kit (Qiagen).

To confirm  that the absence o f psbA or psbD PCR products from  
phage was no t simply due to a lack o f amplifiable phage DNA, we 
screened phage lysates fo r known phage genes: g20 (for myoviruses) 
and DNApol (for podoviruses). g20 was amplified using prim er pair 
g20-F/R and protocol E, and DNApol using prim er pa ir DNApol-F/R 
and protocol F, bo th  with 1 pi o f lysate. In  all cases, a product was 
obtained, suggesting the phage tem plate DNA was present and 
amplifiable by PCR (unpublished data).

Six phage lysates yielded PCR products with sequences identical to 
those o f a know n host. These six phage lysates include five 
cyanophages previously described (P-RSP1, P-SSP1, P-SSP2, P- 
ShM l, P-ShM2; [5]), as well as one cyanophage no t previously 
rep o rted  in the literatu re  (P-SSP9; M.B.S. and S.W.C., unpublished 
data). In these cases we could no t elim inate the possibility that the 
am plicon resulted from  host DNA, the amplification of which may be 
m ore likely to occur when there  is no phage tem plate fo r this gene. 
Thus, we excluded these phages from  fu rth er analyses. In contrast, 
phages with am plicon sequences identical to those o f o ther phages 
(indicated as “ID to X” in Table 1) were passed through m ultiple 
lysates, and a “fingerprin t” phage gene (g20) was used to confirm  that 
there  was a single phage in  the lysate. The psbA sequence was then  re­
assayed, increasing our confidence in these results. Even with this 
precaution, we cannot rule ou t the possibility o f  PCR contam ination 
fo r those few cases where identical sequences were amplified from  
different phage lysates.

Cloning and sequencing of PCR products. The psbA gene is often 
found  in m ultiple distinct copies in  m arine Synechococcus [59], whereas 
in Prochlorococcus the psbA gene is e ither single copy pe r genom e or 
encodes m ultiple copies that are nearly identical to each o ther 
[60,63,64]. A m ong cyanophages, the psbA gene has only been found  in 
a single copy pe r genome [28,30]. To allow fo r the identification of 
m ultiple psbA gene copies in Synechococcus strains, PCR products from  
Synechococcus tem plates were cloned p rio r to sequencing. Cloning was 
p e rfo rm ed  using th e  TO PO  TA C loning K it fo r Sequencing 
(Invitrogen) with the pCR4-TOPO vector. L igation products were 
transform ed in to  TOP 10 com petent cells. Plasmid purification and 
sequencing were conducted by Genaissance Pharm aceuticals (New 
Haven, Connecticut, U nited  States). Inserts were sequenced from  
both  forw ard and reverse directions, using the M13F and M13R 
p rim er b inding sites in  the pCR4-TOPO vector.

A pproxim ately ten  psbA clones were sequenced fo r each Synecho­
coccus strain. The published genom e o f Synechococcus WH8102 provides 
an example o f  natural psbA diversity in a given strain, as it contains 
four copies o f  psbA: two copies that are 99.8% identical and a th ird  and 
fourth  copy that are 99.4% and 88% identical, respectively, to the 
above two psbA copies [59]. Considering a Taq polymerase e rro r ra te  of 
3 X IO-5 pe r nucleotide pe r duplication [65], at most one e rro r could 
be expected in each psbA gene sequenced. Thus, sequences were 
considered identical, and rem oved from  the analysis pool, if  they were 
m ore than  99.8% identical, to  avoid data issues stemm ing from  
possible PCR e rro r (sequencing e rro r should be nonexistent because 
consensus sequences were ob tained  from  forw ard  and  reverse 
sequencing o f the clones). Sequence identity  levels fo r nonidentical 
clones from  the rem aining dataset ranged from  about 60% to 99.0%.

PCR products from  genes presum ed no t to have m ultiple distinct 
copies pe r genome (psbA from  Prochlorococcus and  cyanophage; psbD 
from  all organisms) were generally sequenced directly (Harvard 
Medical School Biopolymers Facility [Boston, Massachusetts, U nited 
States], Davis Sequencing [Davis, California, U nited  States], o r 
Genaissance Pharmaceuticals). The absence o f m ultiple significant- 
height peaks at single nucleotide positions in chrom atogram s from  
this direct sequencing (unpublished data) confirm ed that single 
products were amplified during PCR. Each strain  was sequenced in
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bo th  forw ard and reverse directions, using the same prim ers used for 
PCR amplification.

Sequence analyses. Previous analyses have raised  im p o rtan t 
concerns about using psbA gene sequence datasets that may suffer 
from  large %G+C variability and conflicting phylogenetic signals in 
phylogenetic reconstructions [37]. To minimize such errors, we 
followed these steps.

We first perform ed phylogenetic analyses using sequences from  all 
taxa (80 fo r psbA and  50 fo r psbD) and all codon positions (Figures SI 
and S2). Phylogenetic trees were constructed by using distance and 
m axim um  likelihood. N eighbor-joining [66] was used to reconstruct a 
distance tree under the HKY85 m odel [67]. Maximum likelihood 
analysis was perform ed un d er HKY85 com bined with a gamma model 
fo r am ong sites ra te  variation, assuming eight ra te  categories with 
m odel param eters estim ated from  the data [68]. Maximum likelihood 
trees were obtained by quarte t puzzling, as im plem ented in the 
p rogram  TREE-PUZZLE 5.0 [69]. B ootstrap  resam pling (1,000 
pseudoreplicates) was used to m easure the relative support for 
internal branches o f the neighbor-joining trees. For quarte t puzzling, 
support was estim ated from  25,000 (psbD trees) o r 50,000 (psbA trees) 
pseudoreplicates.

These analyses resulted in trees with high bootstrap  support at 
many critical nodes (Figures SI and S2). However, fitting a single tree 
to large datasets containing conflicting phylogenetic signals can lead 
to reconstruction  artifacts (i.e., systematic errors) that result in high 
boo tstrap  su p p o rt [70,71]. We found, using neighbor-nets [72] 
constructed by using the SplitsTree2 program  [73], within-gene 
conflicting phylogenetic signals in b o th  the psbA and  psbD datasets as 
indicated by the box-like structures in neighbor-nets graphs (Figures 
S3 and S4). Specifically, networks fo r bo th  genes revealed substantial 
conflict involving splits betw een Synechococcus strains, their myovi­
ruses, and a complex o f sequences com prised o f Prochlorococcus and 
their viruses.

We fu rth er investigated w hether these large datasets could suffer 
from  systematic errors related  to: (i) substitution ra te  variation 
am ong lineages [74], (ii) heterogeneous com positional bias among 
lineages (e.g., %G+C; [75]), and (iii) within-gene heterogeneity in 
phylogenetic signals [76]. We found  significant substitution rate 
variation am ong lineages (Table S5) using likelihood ra tio  tests. In 
addition, nucleotide frequencies were nonstationary across these 
data, with significant differences in equilibrium  frequencies for 
clades defined according to organism  types (Table S6; [77]). Not 
surprisingly, the largest divergence in %G+C across taxa was at the 
3rd codon positions o f bo th  psbA and psbD.

Zeidner et al. [37] hypothesized intragenic recom bination in psbA 
[37]. We attem pted  to identify this qualitatively through graphical 
analysis o f %G+C and quantitatively using four different tests for 
intragenic recom bination. The %G+C distribution  was exam ined 
within overlapping sequence windows (a sliding window of 30 
nucleotides with a five-nucleotide step) using the GCViz script [37] 
(available u p o n  req u est fro m  Dr. Shm oish o f  T ech n io n -IIT ; 
mshmoish@ cs.technion.ac.il) w ritten  in  the R-language (http://www. 
r-p roject.org). Three o f the four different tests fo r within-gene 
recom bina tion  are  based on the  d is trib u tio n  o f substitu tions 
(G eneC o n v : [78]; M a x C h i : [79]; C h im a era : [80]), while the fourth  used 
a phylogenetic approach (“RDP,” as im plem ented in [81]). We 
considered only those recom bination events that satisfied all o f the 
following criteria: (i) results were significant after application of 
B onferroni correction  fo r m ultiple tests, (ii) regions were detected by 
two o r m ore different methods, and (iii) consensus breakpoints could 
be estim ated fo r a given region identified using different m ethods. 
Once a putative recom bination event was detected, we in ferred  the 
best candidate donor sequence (that m ost similar to the recom binant 
segment) using RDP [81].

In  summary, to minim ize systematic e rro rs  in  the ultim ate 
phylogenetic analyses, we first processed the dataset as follows: (i) 
excluded those sequences having a strong signal fo r intragenic 
recom bination, (ii) excluded 3rd codon positions, which display the 
largest differences in  %G+C and substitution rates am ong lineages, 
and (iii) em ployed LogDet distances [75] to accom m odate composi­
tional heterogeneity  (variable %GTC) in the rem aining data. These 
measures proved to be im portant. The uncorrected  dataset grouped 
lineages according to  evolutionary rates and %G-|-C bias (Figures SI 
and S2), whereas the ultim ate analysis did no t (see Figures 1 and 2). 
Statistical analysis o f the processed dataset un d er nonhom ogenous 
evolutionary models [77] revealed that the ultim ate phylogenetic 
hypotheses (see Figures 1 and 2) provided a significantly b e tte r fit to 
the data (Table S7). P rio r to processing the data, the alternative 
phylogenies were indistinguishable (Table S7).

Supporting Inform ation
Figure SI. Phylogenetic Analyses Including All psbA Gene Sequences 
from  C ultured Cyanobacteria and Cyanophages
Phages are listed by phage name, followed by their original host. Host 
range inform ation is designated in  parentheses. Phages known to 
infect bo th  Prochlorococcus and Synechococcus hosts are indicated with a 
“A”; phages that infect only Prochlorococcus o r Synechococcus are 
designated by a P or S, respectively; and those host ranges that are 
unknown have a “?”. Phages shown in italics and bracketed with “ **” 
were isolated on hosts that do no t belong to the same cluster and are 
thus exceptions to the general clustering p a tte rn  (see text). Taxa are 
co lor coded  according to the  follow ing biological groupings: 
myoviruses (red), podoviruses (black), m arine Synechococcus hosts (light 
blue), m arine Prochlorococcus hosts (dark green, HL; light green, LL), 
freshwater cyanobacteria (dark blue). N eighbor-joining tree  was 
in ferred  un d er HKY85 m ode and using sequences from  all taxa and 
all codon positions. Nucleotide frequencies were assumed to  be 
hom ogenous across lineages. N um bers at the nodes rep resen t 
neighbor-joining bootstrapping and maxim um  likelihood puzzling 
support. Anab, Anabaena; Gloe, Gleobacter; HL, high-light adapted; 
LL, low-light adapted; Syncy, Synechocystis; Therm o, Thermosynechococ­
cus.
Found at DOI: 10.137l/journal.pbio.0040234.sg001 (79 KB PPT).

Figure S2. Phylogenetic Analyses Including All psbD Gene Sequences 
from  C ultured  Cyanobacteria and Cyanophages 
Details are as in Figure SI.
Found at DOI: 10.137l/journal.pbio.0040234.sg002 (59 KB PPT).

Figure S3. Neighbor-Nets Analysis o f 80 psbA Gene Sequences 
(including All Cyanophage and M arine Cyanobacterial Sequences 
Available)
The analysis was conducted un d er the HKY85 m odel o f substitution 
using all codon positions. Taxa color coding and abbreviations are as 
in Figure SI. The box-like appearance in  the basal branches o f this 
phylogeny suggests regions o f conflicting phylogenetic signals (see 
Materials and Methods).
Found at DOI: 10.137l/journal.pbio.0040234.sg003 (272 KB PDF).

Figure S4. Neighbor-Nets Analysis o f 50 psbD Gene Sequences 
(including All Cyanophage and M arine Cyanobacterial Sequences 
Available)
Taxa color coding and abbreviations are as in Figure SI. Details of 
the analysis are as in Figure S3.
Found at DOI: 10.137l/journal.pbio.0040234.sg004 (249 KB PDF).

Table SI. C onsensus Results from  F o u r Tests fo r  In tragen ic  
Recom bination w ithin Gene Sequences in O ur psbA Dataset
The four tests included (1) RDP, (2) GeneConv, (3) MaxChi, and (4) 
Chimaera (as described in  Materials and Methods), and recom bina­
tion  was considered “detected” only when the following c riteria  were 
satisfied: (i) sim ilar regions were detected  by two o r m ore methods, 
(ii) all such regions were significant a t p <  0.05 after a Bonferroni 
correction  fo r m ultiple tests, and (iii) consensus breakpoints could be 
in ferred  from  the results. Thus, “No recom bination detected” does 
no t preclude that intragenic recom bination could be occurring 
w ithin the sequence, bu t ra th e r indicates that o u r stringent criteria  
have no t identified such an event. W hile we define phages as either 
Prochlorococcus o r Synechococcus phages depending on the original host 
o f isolation, we note that m any o f the myoviruses cross-infect bo th  
genera (represented with a “A” where known, a “?” where unknown, 
and no symbol fo r isolates that do no t cross-infect across genera). 
Consensus breakpoin ts are  relative to  nucleotide positions in  
Thermosynechococcus psbA.
Found at DOI: 10.137l/journal.pbio.0040234.st001 (29 KB XLS).

Table S2. C onsensus Results from  F o u r Tests fo r  In tragen ic  
Recom bination w ithin Gene Sequences in O ur psbD Dataset
Details are as in Table SI.
Found at DOI: 10.137l/journal.pbio.0040234.st002 (28 KB XLS). 

Table S3. PCR Conditions
Found at DOI: 10.137l/journal.pbio.0040234.st003 (38 KB DOC). 

Table S4. PCR Prim ers
Found at DOI: 10.137l/journal.pbio.0040234.st004 (39 KB DOC).
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Table S5. Likelihood Ratio Tests fo r Variable Evolutionary Rates 
am ong Branches
For bo th  psbA and psbD, individual sequences exhibiting a signature 
fo r intragenic recom bination (Tables SI and S2) were excluded from  
analysis. Likelihood scores were obtained un d er a stationary HKY85 
model com bined with a gamm a correction  fo r among-sites rate 
variation. All m odel param eters, including nucleotide frequencies, 
were estim ated by using m aximum likelihood. D ata analysis included 
all th ree  codon positions. Models were employed as im plem ented in 
the baseml program  o f the PAML package [82]. T ree 1 was obtained by 
neighbor-joining analysis o f LogDet distances estim ated from  all three 
codon positions. T ree 2 was obtained by neighbor-joining analysis o f 
LogDet distances estim ated from  1st and 2nd codon positions. For 
bo th  genes, T ree 1 grouped lineages along lines o f similarity in 
evolutionary rates and com positional biases, and T ree 2 did not.
Found a t DOI: 10.137l/journal.pbio.0040234.st005 (36 KB DOC).

Table S6. Likelihood Ratio Tests fo r N onstationary Frequencies 
am ong Lineages
Ho denotes the null hypothesis o f  stationary nucleotide frequencies; 
this was m odeled by specifying one set o f nucleotide frequencies for 
all branches o f the tree. H i denotes the alternative hypothesis o f 
nonstationary nucleotide frequencies; this was m odeled by assigning 
all branches o f the tree  topology to one o f several independent sets o f 
frequency param eters (six sets fo r psbA and five sets fo r psbD). A part 
from  nucleotide frequencies, Ho and H i assumed a substitution 
process equivalent to an HKY85 m odel com bined with a gamma 
model fo r among-sites ra te  variation. The transition/transversion 
ratio  was assumed to be hom ogenous am ong branches. H i represents 
a user-defined version o f the nonhom ogenous models o f Yang and 
Roberts [77]. All m odel param eters, including nucleotide frequencies, 
were estim ated by using m aximum likelihood. D ata analysis included 
all th ree  codon positions. Models were employed as im plem ented in 
the baseml program  o f the PAML package [82].
T ree 1 was obtained by neighbor-joining analysis o f LogDet distances 
estim ated from  all th ree  codon positions. T ree 2 was obtained by 
neighbor-joining analysis o f LogDet distances estim ated from  1st and 
2nd codon positions. For bo th  genes, T ree 1 grouped lineages along 
lines o f similarity in evolutionary rates and com positional biases, and 
Tree 2 did not. User-defined sets o f  frequency param eters fo r H i 
were specified in the tree  file (shown below) by using the “branch 
label” form at described in the PAML manual. F or bo th  psbA and psbD, 
individual sequences exhibiting a signature fo r intragenic recom bi­
nation  (Tables SI and S2) were excluded from  analysis.
Found a t DOI: 10.137l/journal.pbio.0040234.st006 (44 KB DOC).

Table S7. Likelihood-Based Statistical Com parison o f Com peting 
Evolutionary Hypotheses un d er a Model o f N onstationary N ucleotide 
Frequencies
^KH denotes the ^-value fo r the KH norm al test o f [83]. A h denotes
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