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Cyanophage abundance has been shown to fluctuate over long timescales and with depth, but little is
known about how it varies over short timescales. Previous short-term studies have relied on counting total
virus numbers and therefore the phages which infect cyanobacteria cannot be distinguished from the total
count.

In this study, an isolation-based approach was used to determine cyanophage abundance from water
samples collected over a depth profile for a 24 h period from the Indian Ocean. Samples were used to
infect Synechococcus sp. WH7803 and the number of plaque forming units (pfu) at each time point and
depth were counted. At 10 m phage numbers were similar for most time-points, but there was a distinct
peak in abundance at 0100 hours. Phage numbers were lower at 25m and 50 m and did not show such
strong temporal variation. No phages were found below this depth. Therefore, we conclude that only the
abundance of phages in surface waters showed a clear temporal pattern over a short timescale. Fifty phages
from a range of depths and time points were isolated and purified. The molecular diversity of these phages
was estimated using a section of the phage-encoded psbD gene and the results from a phylogenetic analysis

do not suggest that phages from the deeper waters form a distinct subgroup.

INTRODUCTION

Unicellular cyanobacteria of the genera Synechococcus
and Prochlorococcus dominate the prokaryotic component
of the marine picophytoplankton, contributing between
32% and 89% of primary production in the open ocean
(Goericke & Welschmeyer, 1993; Liu et al., 1997). Factors
which control cyanobacterial primary production include
nutrient limitation, photosynthetically available radiation,
grazers and phages (e.g. Suttle, 2005). High concentra-
tions of viral particles are a ubiquitous and dynamic
component of marine ecosystems (e.g. Bergh et al., 1989).
Recent studies have shown that the abundance and genetic
diversity of marine bacteriophages and Synechococcus are
correlated  (Weinbauer &  Rassoulzadegan, 2004;
Miihling et al., 2005). Because changes in abundance and
diversity occur in the bacteriophage community before
they occur in the Synechococcus community, it seems that
that they drive the dynamics of the host rather than just
respond to it (e.g. Weinbauer & Rassoulzadegan, 2004;
Miihling et al., 2005).

It has been suggested for Synechococcus that the periodi-
city of viral infection and lysis varies during the diel cycle
(Suttle, 2000a). This is also thought to be the case with
heterotrophic bacteria and their viral hosts (e.g. Winter et
al., 2004). The theory proposed by these authors is that
phage infection reaches a maximum during daylight
hours when maximum bacterial activity occurs. Because
phages rely on energy to replicate and assemble from
their hosts, it seems logical that these processes occur
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when their hosts are most metabolically active. This
would increase the total number of phage progeny
created. Phages are damaged by UV light, which
decreases with the diminishing daylight, and so it is
suggested that the maximum number of undamaged
phages are then available for host infection towards night-
fall (Winter et al.,, 2004). This simple scenario is
complicated in Synechococcus in view of recent knowledge
that some cyanobacterial phages cannot infect their hosts
in the dark (Ying Jia, personal communication).

A further intriguing component of the relationship
between Synechococcus and their phages is the discovery of
photosynthesis genes psbA and psbD in the genomes of
phage which infect Synechococcus (Mann, 2003; Millard et
al., 2004; Mann et al., 2005). These genes encode the DI
and D2 proteins that are key components of the photo-
synthetic reaction centre photosystem II (PSII). DI and
D2 form a heterodimer at the heart of the PSII where
they bind the pigments and cofactors that are needed for
primary photochemistry. These proteins are very suscep-
tible to light damage and thus the genes encoding them
are strongly expressed by cyanobacteria during daylight
hours to maintain photosystem function (Gill et al.,
2002). Indeed, failure to repair the damaged photosystem
results in no photosynthesis (photoinhibition). It has been
shown that DI and, to a lesser extent, D2 are some of the
most rapidly turned over proteins in a healthy cyano-
bacterial cell (Bailey et al., 2002). The phage-encoded
versions of psbA and psb.D have been shown to be expressed
during the infection cycle (Clokie et al., 2006). As the host
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Figure 1. Phylogenetic analysis using MRBAYES of the psb D gene from 27 newly isolated Synechococcus viruses: 107 (DQ410696),
108 (DQ410697), 109 (DQ410671), IO10 (DOQ410672), IO11 (DQ410684), 1012 (DQ410685), I013 (DOQ410686), 1014
(DQ410687), 1015 (DQ410673), 1016 (DQ410674), IO17 (DQ410688), 1018 (DQ410689), 1020 (DQ410675), 1021
(DQ410690), 1022 (DQ410691), 1023 (DQ410676), 1025 (DQ410692), 1026 (DQ410693), 1027 (DQ410694,) 1036
(DQ410677), 1037 (DQ410678), 1040 (DQ410679), 1041 (DQ410680), 1042 (DQ410681), 1043 (DQ410682), 1046
(DQ410683) and 1047 (DQ410695). The cyanophages S-WHM1 (AJ628769), S-PM2 (NC.006820), S-RSM2 (AJ628768),
S-RSM28 (AJ629221), S-BM4 (AJ628858) and P-SSM4 (AY940168) along with the cyanobacteria Nostoc (NC_0037) and
Synechocystis PCC6803 (NC_005229), Synechococcus strains WH7803, WH7805, RS9917, CC9605 (NC_007516), RS9917 and
RCC307, Prochlorococcus strains MIT9313 (NC_005071) and MED4 (BX548174) were also included in the analysis.
Sequences from Synechococcus strains WH7803, WH7805, and RSS917 were kindly made available by D. Scanlan.

Sequences from Synechococcus strains WH7803 and RCC307 are available from http://www.genoscope.cns.{r/externe/English/
Projets/Projet HP/organisme_HP.html. The tree is unrooted and was generated from nucleotide alignments of 292 nt. Clade
support values above 65 are shown at the nodes of the clades.
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Table 1. Details of phage isolated in this study and included in
the phylogenetic analysis of psb D.

Isolate Time of isolation Depth (m) of isolation
S-107 0100 10
S-108 0100 10
S-109 0100 10
S-1010 0100 10
S-1011 0100 10
S-1012 0100 10
S-1013 0100 10
S-1014 0100 10
S-1015 0100 10
S-1016 0700 10
S-1017 0700 10
S-1018 0700 10
S-1020 0700 10
S-1021 0700 10
S-1022 0700 10
S-1023 0700 10
S-1025 0700 10
S-1026 0700 10
S-1027 0700 10
S-1036 1900 25
S-1037 0100 25
S-1040 0700 25
S-1041 0700 25
S-1042 0700 25
S-1043 1300 25
S-1046 0100 50
S-1047 0100 50

encoded genes are only expressed at low levels in the dark
(Gill et al., 2002), and the phages have acquired these
genes, it seems likely that infection occurs in the daylight
hours.

Several studies have used epifluorescence techniques to
count viral abundance over short time scales (Jiang &
Paul, 1994; Weinbauer et al., 1995; GuixaBoixereu et al.,
1999). The studies disagree with each other as to when
viral abundance reaches a maximum (Bettarel et al.,
2002). One of the most comprehensive surveys of marine
microbial communities was carried out by Bettarel who
showed that natural viral abundance peaked at around
1800h (Bettarel et al., 2002). The correlation between
Synechococcus and viral abundance, led the authors to
suggest that virus-induced mortality is important in main-
taining constant Synechococcus abundance. The authors
suggest that these observations should be confirmed either
by virus production studies or by the determination of
infection rates.

The study described here takes a complementary
approach to the previous work because, instead of staining
and counting all viruses, phages which specifically infect
Synechococcus were enumerated by isolation on hosts. In
previous studies bacteriophages which infect heterotrophic
bacteria could not be distinguished from those which
infect cyanobacteria. No studies to date have enumerated
Synechococcus phages from natural marine samples over
short-term timescales. Results are presented for one
complete 24 h period (5 time points). The objectives were
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twofold: (I) to quantify the number of infectious phages at
specific time points; and (2) to observe the molecular
diversity of the phages isolated at different depths over a
short-timescale. We were interested to observe whether
phages isolated from deeper depths represented a specific
sub-community.

The Synechococcus host used in this study was WH7803.
Although this strain was originally isolated in the Atlantic
off Woods Hole, previous studies have shown it to be
particularly amenable to phage infection from a range of
geographical locations (Wilson et al., 1993; Marston &
Sallee, 2003; Millard & Mann, 2006). This supports our
case for using a single strain on which to enumerate
phages. Water samples were collected throughout one 24-h
period over a depth profile from an oligotrophic region of
the Indian Ocean. The photosynthetic psb.D gene encoding
the D2 protein was used to determine the molecular diver-
sity. Previous studies have shown the efficacy of this gene
as a molecular marker (Lindell et al., 2004; Millard et al.,
2004).

MATERIALS AND METHODS
Host strains and medium

Synechococcus sp. WH7803 was maintained in artificial
seawater (ASW) medium in 100ml batch cultures in
250 ml conical flasks under constant illumination (5-36
pEinstein m~™2 s71) at 25°C. One litre volumes were
cultured in glass vessels to which 0.5g 17! of NaHCO,
was added. Cultures were acrated and stirred constantly.

Location and sampling

A total of 30 water samples were kindly collected from
one sampling site from the Indian Ocean by N. Fuller and
K. Orcutt (both previously at the University of Warwick,
the latter now at the University of Maine, USA). Samples
were taken from a station at 03°48'N 67°00'E; water
samples were taken at 1300 and 1900h local time on
7 September 2001 and 0100, 0700 and 1300 h local time
on 8 September 2001 at depths of 10m, 25m, 50m,
80m, 100m and 130m. Water samples were passed
through a filter with a 0.2 pm pore size and stored in
the dark at 4°C until they were used. The water
samples were stored at 4°C for four years. It has been
shown that phages can survive at this temperature for
at least 28y (Ackermann, in press). There is also no
reason to suggest that viral decay would be different
from samples collected at different depths.

Estimation of cyanophage abundance and phage isolation

Cyanophage abundance was determined by performing
direct double-agar-layer plaque assays on Synechococcus sp.
WH7803. A minimum of three replicates was used to
enumerate cyanophage numbers for all 30 water
samples. As has been previously described, specific
cyanophages isolated by the of a
plaque from the Petri dish with a Pasteur pipette (Wilson
et al., 1993). Plaques were then resuspended in 1ml of
ASW, and used in two further rounds of plaque assay puri-
fication. Isolates were named following the previously

were removal
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Figure 2. Cyanophage abundance over time from a station
at 19°00'N 67°00’E in the Indian Ocean, from 1300 on

7 September 2001 until 1300 on 8 September 2001.
Cyanophage abundance was determined using Synechococcus
WH7803 as host. The grey shaded areas indicate the periods of
darkness. No phages were detected at depths lower than 50 m.
Error bars represent standard deviation.

suggested convention of Suttle (Suttle, 2000b) using the
letters IO to represent the Indian Ocean as the place of
isolation.

DNA extraction

DNA was extracted from confluently-lysed plates of
clonal cyanophage isolates. The top agar from two or
more 85 mm diameter plates was pooled and resuspended
in 2ml of ASW (approximately 1 ml ASW per plate was
required). DNA was then extracted as previously described
(e.g. Wilson et al., 1993); briefly, a phenol extraction was
followed by a phenol/chloroform (I:1) extraction and an
iso-amyl alcohol/chloroform (1:24) extraction. DNA was
then precipitated with ammonium acetate at a final
concentration of 0.5M in 2 volumes of propan-2-ol,
before being washed in 70% ethanol and resuspended in
50 ul of H,0.

Primer design and PCR amplification

The psbD sequence from cyanophages S-BM4,
S-RSM88, SWHMI, S-RSM2, S-RSM28, P-SSM4
(accession numbers AJ628858 AJ629075 AJ628769
AJ628768 AJ629221 and AY940168  respectively)
were aligned wusing CLUSTALX (Thompson et
al., 1997). Primers were designed manually
against conserved regions. The primers psbDF
(5'-GGNTTYATGCTNMGNCARTT-3)  and  psbDR
(5'-CKRTTNGCNGTVAYCAT-3") amplify a 383 bp
product. The reaction mixture contained 10ng of
template DNA, 200uM dNTPs, 3mM MgCl,,
50 nM primers (psb DFand psb DR), 1.5 units of Tag polymerase
(Invitrogen), and 1x enzyme buffer (50mM Tris—HCI,
100mM NaCl, 0.15mM MgCl,) with water to a final
volume of 50 ul. The polymerase chain reaction (PCR)
amplification was carried out in a DNA thermal cycler
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(T gradient), and reactions were conducted using the
following amplification conditions: an initial denaturation
step of 94°C for 2 min, followed by ten cycles of denaturation
at 94°C for 30 s, annealing at 45°C (—1°C per cycle) for 30,
and elongation at 72°C for 30s. This was followed by 25
cycles of 94°C for 30's, 35°C for 30, and 72°C for 30s. The
final extension was at 72°C for I min held at 4°C. The PCR
products were purified using a Qiagen gel extraction kit.
Sequencing was carried out using ~200ng of template
with 5.5 pmoles of primer using the Big Dye version 3.1
chemistry (ABI) and analysed on an ABI Prism 3100
sequencer. 10 ensure 2x coverage of the PCR product, both
psbDF and psbDR primers were used to sequence the PCR
product.

Phylogenetic analysis

The cyanophage psbD sequences were aligned using
CLUSTALX and corrected and edited manually as
necessary. The analyses was performed in MRBAYES
using the GTR model. 500,000 iterations were used with
a sample frequency of every 1000 with a burn-in after 250
(Huelsenbeck & Renquist, 2001). Analyses were also
performed using both neighbour joining and maximum
parsimony analysis in PAUP* (Swofford, 1998). For
nucleotide alignments, any gaps in the data matrix were
treated as missing data.

RESULTS AND DISCUSSION
Cyanophage abundance over a short-term cycle

Picophytoplankton are the most abundant primary
producers in the Indian Ocean and two groups of cyano-
bacteria, Prochlorococcus and Synechococcus, dominate the
assemblage. Cyanophage isolates were obtained from a
single location in the Indian Ocean. The short-term vari-
ability of the phage population was monitored at six
depths every 6 h for a 24 h period. Cyanophage abundance
in seawater samples was determined by counting the
number of plaque forming units (pfu) per ml of seawater.
The phages were isolated on plates and as expected,
plaques were evident after around 10d of incubation.
Cyanophages were most abundant in seawater samples
obtained from a depth of 10 m. Phages were present but
in much smaller numbers at 25m and 50m, and no
phages were found below 50 m. Thus no phages were
isolated from water at 80m, 100m or 130 m. Unfortu-
nately, Synechococcus flow cytometry data are not available
for every time point that water was collected for phage
isolation. One data set for the Synechococcus numbers was
collected during the sample period and cell numbers per
ml were as follows: 10m (5314), 25m (5304), and 55 m
(9465), 75m (1733), 110 m (21) and 215 m (0).

The number of phages isolated from 10m exhibited
strong short-term variability with the highest number of
phages found at 0100h (Figure 1). This suggests that
0100 h represents favourable conditions for viral release
and/or reduced viral decay. At either side of this 0100 h
peak approximately 6x10? pfu ml~! were counted
whereas almost twice as many pfu (approximately 1x10°
pfu ml~!) were detected at 0100 h. These data are consis-
tent with the hypothetical situation presented by Winter et
al. (2002) who suggested that the maximal viral activity
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occurs during the most metabolically-active periods of cell
growth. Cyanobacteria are more active during daylight
hours and thus viral infection may start with the onset of
dawn and replication may proceed during the day where
enough light is provided for photosynthetic energy
production. Indeed, it has been suggested that replication
of viral DNA is delayed until light (and thus enough
energy) is available (Thyrhaug et al., 2002). Therefore,
we extend the hypothesis presented by Winter et al.
(2002) by suggesting that, during the night, the number
of phage available for potential interaction with
Synechococcus 1s at a maximum. At dawn the infection
cycle begins and continues throughout the daylight hours.
This is not inconsistent with the 1800 h peak observed by
Bettarel et al. (2002) as that study would have counted
both phages from cyanobacteria and those that infect
heterotrophic bacteria.

The bacteriophage latent period has been shown to be
related to the host density (Abedon et al., 2001). The
oceanic bacterial composition is complicated with bacteria
being present at a range of abundances. Both cyano-
bacteria and heterotrophic bacteria are thought to be
present at roughly equal parity, each at concentrations of
up to 10° ml~! (Wommack & Colwell, 2000). The range of
bacterial abundances leads to a complicated dynamic and
thus the 1800h peak observed by Bettarel et al. (2002)
may represent phages from abundant heterotrophic
bacteria with shorter latent periods. Under laboratory
conditions cyanophages appear to have longer latent
periods than phages which infect heterotrophic bacteria
(Wilson et al., 1993; Miller et al., 2003). Therefore the
peak which we observed at 0100h may represent viral
release from the most abundant cyanobacteria.

Further support for the idea of phage infecting cells at
the onset of day comes from unpublished work in this
laboratory and from Curtis Suttle (personal communica-
tion) that has shown that some Synechococcus phages can
only bind to cells in the presence of light and in conditions
of darkness no absorption will occur. We have found that
under laboratory conditions, it takes around 9h for a
‘typical’ Synechococcus phage to go from infection to lysis
(the latent period) (Clokie et al., 2006). This was estab-
lished under laboratory conditions where cells were
grown in an excess of nutrients. We have limited data on
how high nutrient starvation influences latent periods;
however, it is known that when Synechococcus is grown
under conditions of nutrient starvation, the latent period
is extended (Wilson et al., 1996). Secondly, the interaction
between Synechococcus and phages is stochastic such that
there is no such event whereby dawn is followed by an
immediate simultaneous infection of all Synechococcus.
Therefore, throughout the day Syrechococcus cells will be
infected and the infection cycle will culminate in lysis at
some point several hours later. These newly released
phages will be susceptible to light damage until after
sunset. The explanation for the maximum peak of virus
abundance at 0l100h therefore 1s likely to represent
stochastic infection, long latent periods and reduced viral
decay.

Less obvious variation is observed at 25 m and at 50 m,
and the number of pfu counted is much lower at these
depths (Figure 1). It seems that the likely explanation
for the fact that no phages were isolated from depths of
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80 m or below is that Synechococcus cell numbers were very
low. However, at depths of 25m and 50m Synechococcus
numbers are still high and yet fewer phages were isolated
at these depths than at 10m which had comparable
Synechococcus numbers. There are two possible explanations
as to why this is the case. The first is that Synechococcus
WH7803 is more resistant to the phages naturally occur-
ring with these depths. It has been shown that Synechococcus
hosts can naturally occur with their phages and thus must
be resistant to infection (Waterbury & Valois, 1993). The
second explanation is that high phage numbers reflect
recent lysis events and thus more lysis may be happening
in the upper layers. In the water samples collected from
25m, the maximum number of phages was observed at
0700 h. This is discussed below in the context of psbD
diversity. For the samples collected at 50 m, the highest
numbers of pfu were observed at 1900 h (Figure 1).

The lack of diurnal variation in deeper waters may be
explained by the fact that the solar radiance is not as
strong at these depths as it is at 10 m. Light attenuation is
caused by the combined absorption and scattering proper-
ties of everything in the water column, including the water
itself. Beer’s law states that light decreases exponentially
with depth such that I,=I*exp~**"* (where I,=intensity
of light at depth z; I =intensity of light at depth zero;
k=attenuation coefficient) (Clark, 1995). Thus differences
of radiation intensity that occur in the surface waters are
not apparent when dealing with water at 50 m.

The reason for the lack of isolation-based studies is
probably due to the work being very labour intensive,
time-consuming and difficult to do in situ, as it requires
large amounts of exponentially growing Synechococcus.
Although these results confirm and extend results from
studies based on epifluorescence and counting techniques,
they need to be extended by the isolation of phages from
further diel cycles. This study has at least shown that short-
term fluctuations in cyanophage numbers do occur. This
abundance-based data set reveals the complexity of short-
term changes in cyanophages of the surface waters, but the
lack of such an obvious pattern in deeper waters.

Cyanophage isolation

As well as the enumeration of cyanophage abundance
over a diel cycle, 50 individual phages were isolated and
purified. The overwhelming majority of cyanophages
which have been isolated are from the family Myoviridae
(Wilson et al., 1993; Sullivan et al., 2003; McDaniel et al.,
2006; Millard & Mann, 2006), and there is no reason to
suggest that phages isolated in this study should be
any different. If so, their names would reflect this and be
S-IOMI1-S-IOM50. Family affiliation needs to be
confirmed using transmission electron microscopy studies
and as these studies have not yet been carried out we
cannot unequivocally say these viruses are myoviruses so
we have named them S-I01-S-I050.

Molecular diversity of cyanophages

A section of the psbD gene from 27 of the 50 cyano-
phages isolated was sequenced. This gene was chosen for
analysis as previous work had shown that it was a better
phylogenetic marker than the other phage-encoded
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photosynthesis gene psbA (Millard et al., 2004). Interest-
ingly, all of the phages isolated in this study that were
tested (27 phages see Table 1), proved positive for the psbD
gene.

Light intensity and wavelength are suggested to have an
impact on the distribution patterns of photoautotrophs in
the marine environment (Olson et al., 1990; Wilhelm et
al., 1998). It seems likely that the distribution patterns
of the photoautotrophs are reflected by niche-specific
distribution patterns of viruses. It was of great interest
therefore to ascertain whether phages isolated from
deeper waters would cluster together in a phylogenetic
analysis and this does not appear to be the case (Figure
2). Regardless of whether the phylogenetic analyses were
performed using neighbour joining, maximum parsimony
or a Bayesian analysis, the same patterns of relationship
were apparent. Both of the phages isolated from 50m
(S-I046 and S-I047) are in the same group as phages
1solated at 10 m. However, two of the other phages isolated
from 25m (S-I042 and S-1043) cluster together (this
holds true for all analyses). The remaining two phages
isolated from 25m (S-I0O36 and S-1040) group together
but again this group includes other phages isolated from
10 m. From the limited sample size it appears that there is
no clear pattern, but it would seem possible that some
phages from deeper waters form distinct groups.

The phylogenetic analysis revealed several other inter-
esting observations. All of the phages included in the
analysis, with the exception of S-PM2, fall within a
distinct group with 100% bootstrap support. Most of the
Indian Ocean phages form a discrete group within this
main group with a bootstrap support of 99%. None of the
phages isolated from other locations fall within this group.
The majority of the Indian Ocean phages are unresolved
within this large group however, which is suggestive of a
relatively recent radiation. There appeared to be no
clades containing phages isolated at a particular time
point. Although the Synechococcus phages appear to be
more closely related to the Prochlorococcus strain MED4
than to Synechococcus strains, this is likely to be due to
homoplasy rather than homology due to the high AT
content in the genomes of both high-light Prochlorococcus
strains and 1in all cyanophage genomes.

In summary, this study is the first of its kind in terms of
taking an isolation based approach to enumerate specific
phages infecting the Synechococcus component of the micro-
bial community over such short timescales. Unsurpris-
ingly, phages are most abundant in surface waters and
there is a pronounced increase in phage numbers at
0100 h. This possibly reflects an increase in phage release
at this time which makes sense in terms of our knowledge
of infection behaviour, timescales and latent periods.
The study of the diversity of psbD genes has provided a
preliminary insight into the structure of the phage
community. Extended studies of this type should give a
valuable insight into this complex, but fascinating,
dynamic.

This work was part funded by Natural Environment Research
Council grants awarded to N.H. Mann. We gratefully thank N.
Fuller and K. Orcutt for the collection of water samples from the
Indian Ocean that were used in this study. These samples were
taken as part of the RRS ‘Charles Darwin Ambition’ cruise that
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took place from 30 August to 29 September, 2001. Sequences
kindly made available by D. Scanlan were part of the sequencing
project of the Moore Foundation.
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