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Summary

Cyanobacteria play a key role in marine photosynthe-
sis, which contributes to the global carbon cycle and
to the world oxygen supply. Genes encoding the
photosystem-II (PSII) reaction centre are found in
many cyanophage genomes, and it was suggested
that the horizontal transfer of these genes might be
involved in increasing phage fitness. Recently,
evidence for the existence of phages carrying
Photosystem-I (PSI) genes was also reported. Here,
using a combination of different marine metagenomic
datasets and a unique crossing of the datasets, we
now describe the finding of phages that, as in plants
and cyanobacteria, contain both PSII and PSI genes.
In addition, these phages also contain NADH dehy-
drogenase genes. The presence of modified PSII and
PSI genes in the same viral entities in combination

with electron transfer proteins like NAD(P)H dehydro-
genase (NDH-1) strongly points to a role in perturba-
tion of the cyanobacterial host photosynthetic
electron flow. We therefore suggest that, depending
on the physiological condition of the infected cyano-
bacterial host, the viruses may use different options
to maximize survival. The modified PSI may alternate
between functioning with PSII in linear electron trans-
fer and contributing to the production of both NADPH
and ATP or functioning independently of PSII in cyclic
mode via the NDH-1 complex and thus producing
only ATP.

Introduction

Several marine cyanophages from the myovirus and
podovirus families carry photosynthetic genes, and it was
suggested that these genes increase phage fitness (Mann
et al., 2003; Lindell et al., 2004; 2005; Millard et al., 2004;
Sullivan et al., 2005; Bragg and Chisholm, 2008; Dam-
meyer et al., 2008). Cyanobacterial photosynthetic mem-
branes contain two photosystems, of which PSII mediates
the transfer of electrons from water, the initial electron
donor, to the plastoquinone pool whereas PSI mediates
electron transfer from plastocyanin to ferredoxin, thereby
generating reducing power needed for CO2 fixation in the
form of NADPH. While PSII is known to be sensitive to
photodamage, PSI is considered to be more stable than
PSII.

The PSII gene psbA coding for the labile D1 protein is
readily detected in various cultured and environmental
myoviruses and podoviruses infecting Prochlorococcus
and marine Synechococcus (Mann et al., 2003; Lindell
et al., 2004; Zeidner et al., 2005; Sullivan et al., 2006;
Sharon et al., 2007; Weigele et al., 2007; Millard et al.,
2009). In myoviruses, genes encoding the PSII D2 protein
(Mann et al., 2003; Lindell et al., 2004; Millard et al., 2004;
Sullivan et al., 2005; 2006) are also found in the vicinity of
the psbA gene. Recently, PSI gene cassettes containing
whole gene suites (psaJF, C, A, B, K, E and D) sufficient
to build a monomeric PSI were reported to exist in marine
cyanophages from the Pacific and Indian Oceans (Sharon
et al., 2009). This was observed using both the Global
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Ocean Sampling (GOS) phase-I (GOS-I) dataset (Rusch
et al., 2007) and viral marine biomes (Dinsdale et al.,
2008a,b). The presence of modified PSI genes in phages
was hypothesized to be connected to alternative electron
transfer pathways and alternate energy acquisition
(Sharon et al., 2009).

Abundance measures performed with Pacific Ocean
samples (Sharon et al., 2009) suggested that some sites
might contain phages that do carry both photosystems.

Using data from the GOS expedition and long PCR per-
formed on viral fractions from the Pacific Line Islands, we
are now able to show that indeed certain phages do carry
both photosystems’ genes in addition to a modified viral
version of ndhI, which codes for a subunit of the NAD(P)H
dehydrogenase (NDH-1) multiprotein complex in the
thylakoid membrane. NDH-1 shuttles electrons from
NAD(P)H to plastoquinone in order to generate a proton
motive force used for ATP synthesis.

Fig. 1. Schematic physical maps of selected viral GOS-I single clones (top), GOS-II single clones (middle) and environmental Line-Islands
long PCR products containing PSI and PSII genes (bottom). Red circles represent open reading frames with predicted viral origin. Capital
letters represent the corresponding PSI psa core genes, and ‘mem’ and ‘ndhI’ denote a conserved membrane protein and NdhI (circle labelled
in pink) respectively. Gaps shown in Indian Ocean GOS clones are the result of regions that were not covered by the end reads because of
the big size of these clones (~5 kb). Red asterisks denote a GOS clone and a long PCR product that contain both PSI and PSII genes on the
same DNA fragment. Black arrows mark the ndhI genes that were used in Figs 2 and 5. Accession numbers are presented next to each clone
map and GOS clone numbers should have the ‘JCVI_READ_’ prefix added to. The maps are schematic and are not drawn to scale.
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Results and discussion

Previous abundance measures (Sharon et al., 2009, see
the methods section for a brief description) performed
with Line Islands samples have hinted that in some Line
Islands sites [Tabuarean (Fanning Atoll) and Kiritimati
(Christmas Island)] all cyanophages contain PSII genes
while 50% to 60% contain PSI genes. Potentially this
means that 50% to 60% of cyanophages in these sites
contain both PSII and PSI genes, as do plants and cyano-
bacteria (see table S3 in Sharon et al., 2009).

An in silico search for PSII- and PSI-containing phage
entities was therefore conducted on the publicly available
(http://camera.calit2.net/) GOS phase-II dataset from the
Indian Ocean gyre (GOS-II). As opposed to the earlier
GOS datasets that comprised small DNA inserts with an
average size of < 2.0 kb (Rusch et al., 2007), the GOS-II
dataset was prepared using clones with inserts of ~5.0 to
6.0 kb. The use of a bigger insert size in the GOS-II
libraries enabled us to detect and link both photosystem
genes on one clone (i.e. PSI genes psaA and psaB and
PSII gene psbA; see Indian Ocean GOS-II clone labelled

Fig. 2. FastTree approximated maximum-likelihood phylogenetic tree of NdhI proteins from the GOS project. Cyan branches denote
Prochlorococcus proteins, blue denotes Synechococcus, red denotes predicted viral origin based on neighbour proteins on the scaffold, and
arrows denotes the NdhI proteins shown in Fig. 1. Sequence 1096627172387 represents the sequence of JCVI_SCAF_1096627172387 built
by reads JCVI_READ_1093016246802 and 1093016290002 (top Fig. 1). The tree is based on 198 amino acid positions. Local bootstrap
values are shown next to the connecting nodes.
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with a red asterisk in the middle panel of Fig. 1). As the
GOS general scaffold assembly represents reads that
come from different GOS sites or from different clones
and hence by definition are chimeric, all analyses were
restricted to sequences assembled from single clone
reads only. Our search revealed a GOS-II clone that con-
tains the PSI genes psaA and psaB and the PSII gene
psbA. We also found GOS-I clones that contain either
the PSI genes psaBKED, a hypothetical membrane
protein and a viral NAD(P)H dehydrogenase gene (ndhI),
a viral hypothetical gene, or the psbAD genes (see two
upper clones in Fig. 1). These findings strongly points
towards the existence of phage genomes containing
genes of both photosystems separated by a gene coding
for a crucial subunit, NdhI, of the thylakoid NDH-1
complex.

To further validate the connection of PSI and PSII
genes on the viral scaffolds, long PCR reaction was per-
formed on viral Line Islands DNA, using a forward primer
from the end of the PSI gene cassette (psaD) and a

reverse primer from the beginning of the PSII gene psbA.
Sequence of positive amplicons confirmed the connection
of the PSI and PSII genes on the same viral fragment (see
fragment GQ923926 in Fig. 1). Sequencing of the region
between the photosynthetic genes revealed an organiza-
tion already observed in GOS-I viral clones where three
predicted proteins are found in this space (right side of top
panel in Fig. 1). A predicted membrane protein found in
both Synechococcus (for example, gene BL107-14195
in Synechococcus sp. BL107) and Prochlorococcus
(for example, protein P9515-15211 in Prochlorococcus
marinus str. MIT 9515), a modified NAD(P)H dehydroge-
nase subunit I (NdhI, a subunit of the NDH-1 multiprotein
complex of cyanobacterial thylakoid membrane), and a
predicted hypothetical viral protein similar to hypothetical
protein PSSM2-282 observed in the genome of Prochlo-
rococcus myophage P-SSM2 (Lindell et al., 2004; Sulli-
van et al., 2005). To the best of our knowledge, an
NAD(P)H dehydrogenase I gene has not previously been
detected in phage genomes. Phylogenetic trees built with

Fig. 3. FastTree approximated maximum-likelihood phylogenetic tree of PSI PsaD proteins from the GOS project. Cyan branches denote
Prochlorococcus proteins, blue denotes Synechococcus, and red denotes predicted viral origin based on neighbour proteins on the scaffold.
Local bootstrap values are shown.
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Fig. 4. FastTree approximated maximum-likelihood phylogenetic tree of PSI PsaB proteins from the GOS project. Cyan branches denote
Prochlorococcus proteins, blue denotes Synechococcus, and red denotes predicted viral origin based on neighbour proteins on the scaffold.
Local bootstrap values are shown.
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the suspected viral NdhI proteins (marked with an arrow in
Fig. 2) revealed numerous GOS viral-suspected (based
on neighbouring genes on the scaffolds) peptides that
cluster together (labelled red in Fig. 2) and separately
from their cyanobacterial counterparts, further supporting
a viral origin (a similar trend is observed with trees con-
structed with the viral PSI proteins PsaD and PsaB (Figs 3
and 4)). This separation into two distinguished popula-
tions, one from bacteria (cyanobacteria) and one from
viruses (phages) is also observed when coverage mea-
sures (Fig. 5) to all different GOS ndhI genes are per-
formed against 454 pyrosequencing generated marine
viromes and microbiomes (Dinsdale et al., 2008a,b). This
also increased the credibility of our search as the two
different approaches (shotgun sequencing vs. pyrose-
quencing) each introduce completely different bias noises
some of which are the result of differential DNA extraction
techniques, the 454’s lack of cloning bias, the ability to
sequence through regions of the genome that exhibit
strong secondary structures or problems with resolving
repeat regions [for discussion on pros and cons of
shotgun sequencing and 454 sequencing approaches,
see Goldberg and colleagues (2006) and Harismendy and
colleagues (2009)].

In an attempt to try and find the potential host for the
viruses that carry the PSI and PSII genes, a tree based on
the PSII D1 protein (PsbA) was constructed (Fig. 6). The

D1 protein from the long PCR product (that contain both
PSI and PSII genes) falls, with high bootstrap values, next
to the D1 protein from cyanophage P-SSM4 [whose hosts
could be low-light or high-light Prochlorococcus strains
(Sullivan et al., 2003)] and with D1s from different
Prochlorococcus strains. We therefore suggest that the
potential host for the cyanophages, detected in our study,
that contain both PSI and PSII are Prochlorococcus cells.

The thylakoid membranes of cyanobacteria harbour at
least two types of NDH-1 complexes: NDH-1L being
involved in cyclic electron flow around PSI and in respi-
ration and the NDH-1MS being involved in CO2 uptake
(Battchikova and Aro, 2007). Genome-wide analysis pre-
dicts the presence of still different NDH-1 complexes but
such complexes have never been identified at protein
level in cyanobacterial membranes. The soluble NdhI
protein, which is encoded by the viral ndhI gene identified
here, is found in both NDH-1L and NDH-1MS complexes
and it is predicted to be present in the so far ‘undiscov-
ered’ NDH-1 complexes as well (Battchikova and Aro,
2007).

We recently proposed that the elimination of the specific
plastocyanin binding site by the presence of PsaJF fusion
protein in the virus encoded PSI might lead to electron
flow from the respiratory chain to PSI instead of cyto-
chrome oxidase (Sharon et al., 2009). The presence of
modified PSII and PSI genes in the viral entities in com-
bination with electron transfer proteins like NdhI strongly
points to a role in perturbation of the cyanobacterial host
photosynthetic and respiratory electron flow. The conse-
quence of this ensemble in the infected cyanobacteria
would be a flexibility to produce NAD(P)H and ATP in
greatly non-stoichiometric amounts, which might better
correspond to the needs of virus replication.

Does a virus gain a selective advantage from augment-
ing the activity of PSI in parallel to PSII? A schematic
energy balance of the infection process lends some
insights. Myoviruses are about 100 nm (Weigele et al.,
2007) in diameter and their burst size, although variable,
is in the range of 20–80 (Wilson et al., 1996). For a char-
acteristic protein radius of 4 nm (Phillips et al., 2009), and
assuming a crystal like viral protein content, a production
of about 50*(100/4)3 (i.e. ~106) proteins is required in the
short time span of the viral lytic process. This is close to
the overall protein content of a 700 nm diameter Prochlo-
rococcus cell (Partensky et al., 1999). Given that amino
acid polymerization into proteins is estimated to be a
dominant factor in the energetic load of building a new cell
(Stouthamer, 1973), and that the process of infection was
observed to be shorter than a cell cycle, we can predict
that the viral protein production energetic cost is a load
that could limit the burst size achieved or equivalently the
time for completion of a lytic cycle once favourable con-
ditions are encountered. This suggests a strong selective

Fig. 5. Recruitment coverage of GOS single clones carrying ndhI
genes with Northern Line Islands biomes [viromes (x-axis) and
microbiomes (y-axis)]. Coverage is defined as % of GOS clone
length covered by at least one recruited read from the Line Islands
biomes. Colours used are same as in Fig. 2. Viral/non-viral
classification assignments of the different GOS clones was based
on neighbouring genes to the ndhI gene.
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pressure for augmenting the energetics towards PSI-
dependent ATP production.

We therefore speculate that depending on the physi-
ological condition of the infected cyanobacterial host, the
viruses may use different options to maximize survival.
The modified PSI may alternate between working with
PSII, working independently using other electron sources
(e.g. organic material) or alternatively working in a cyclic
photophosphorylation mode.

Experimental procedures

PCR amplification of fragments connecting PSI
and PSII genes

For amplifying the region linking the PSI cassette and the
PSII genes, genomic DNA from viral samples from the North-
ern Line Islands [‘Line Islands Christmas Reef B3 phage’
(Dinsdale et al., 2008a)] was used. The PCR reaction

was preformed using TaKaRa LA Taq™ DNA polymerase
(TaKaRa Bio INC, Japan). Polymerase chain reaction ampli-
fication was carried out in a total volume of 50 ml containing
50 ng of Northern Line Islands phage DNA, 400 mM dNTPs,
2.5 mM MgCl2, 1 mM primers [psaDfwd (5′-TAYCCNAARGA
YGGNGTNG-3′) and psbArev (5′-GCYTCCCADATNGGR
TA-3′)] and 2.5 U TaKaRa LA Taq™ DNA polymerase. The
amplification conditions comprised steps at 95°C for
2 min, 40 cycles of 95°C for 30 s, 50°C for 30 s and 68°C
for 3 min.

Determining PSI and PSII gene abundance
in cyanophages

The complete procedure is described in the supporting infor-
mation for Sharon and colleagues (2009). In short, the
observed number of reads containing selected genes from
PSI (psaA and psaB) and PSII (psbA and psbD) was normal-
ized by the number of reads containing selected genes found
across all known myoviruses (gp20 and gp23) and podovi-

Fig. 6. FastTree approximated maximum-likelihood phylogenetic tree of PSII PsbA proteins from the GOS project. Cyan branches denote
Prochlorococcus proteins, blue denotes Synechococcus, and red denotes predicted viral origin based on neighbour proteins on the scaffold.
Local bootstrap values are shown next to the connecting nodes.
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ruses (DNAPol), taking gene length into consideration. The
resulting figures may serve as estimations for the abundance
of each gene across the cyanophages in the examined
samples.

Recruitment coverage analysis

Procedure and parameters used for this analysis (presented
in Fig. 5) were the same as in Sharon and colleagues (2009).
For each recruiting clone, reads from the four viral and four
microbial Northern Line Islands samples were recruited using
BLAST with parameters (-p blastn -e 1e-3 -F F -r 2). Only reads
aligning with at least 85% identity for 80 bp or more of their
length were considered (average read length in the Line
Islands samples is ~100 bp). Coverage is defined as the
fraction of the recruiting sequence covered by at least one
recruited read.

Phylogenetic tree reconstruction

Phylogenetic trees were constructed by the FastTree pro-
gramme (Price et al., 2010), using multiple alignments pro-
duced by MUSCLE (Edgar, 2004). While we used MUSCLE
default parameters, FastTree was run using parameters for
high accuracy: -spr 4 (to increase the number of rounds of
minimum-evolution SPR moves) and -mlacc 2 -slownni (to
make the maximum-likelihood NNIs search more exhaus-
tive). These parameters can produce slight increases in accu-
racy. To estimate the reliability of each split in the tree,
FastTree uses the Shimodaira-Hasegawa test on the three
alternate topologies (NNIs) around that split (Guindon et al.,
2009).
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