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Polar freshwater cyanophage S-EIV1 represents a
new widespread evolutionary lineage of phages
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Cyanobacteria are often the dominant phototrophs in polar freshwater communities; yet, the phages
that infect them remain unknown. Here, we present a genomic and morphological characterization of
cyanophage S-EIV1 that was isolated from freshwaters on Ellesmere Island (Nunavut, High Arctic
Canada), and which infects the polar Synechococcus sp., strain PCCC-A2c. S-EIV1 represents a
newly discovered evolutionary lineage of bacteriophages whose representatives are widespread in
aquatic systems. Among the 130 predicted open reading frames (ORFs) there is no recognizable
similarity to genes that encode structural proteins other than the large terminase subunit and a
distant viral morphogenesis protein, indicating that the genes encoding the structural proteins of
S-EIV1 are distinct from other viruses. As well, only 19 predicted coding sequences on the 79178 bp
circularly permuted genome have homology with genes encoding proteins of known function.
Although S-EIV1 is divergent from other sequenced phage isolates, it shares synteny with phage
genes captured on a fosmid from the deep-chlorophyll maximum in the Mediterranean Sea, as well
as with an incision element in the genome of Anabaena variabilis (ATCC 29413). Sequence
recruitment of metagenomic data indicates that S-EIV1-like viruses are cosmopolitan and abundant

in a wide range of aquatic systems, suggesting they have an important ecological role.
The ISME Journal (2015) 9, 2046—-2058; doi:10.1038/ismej.2015.24; published online 27 March 2015

Introduction

Cyanobacteria are often the dominant phototrophs
in polar and subpolar lakes (Vincent, 2000) and can
account for >50% of the phytoplankton chlorophyll
a in northern lakes (Bergeron and Vincent, 1997). In
meromictic lakes in the High Arctic (Van Hove et al.,
2008) and Antarctica (Rankin et al., 1997) plank-
tonic cyanobacteria occur at abundances of up to 10*
and 10° cellsml ', respectively. Most planktonic
polar cyanobacteria are related to Synechococcus
spp. and fall within two groups that contain
brackish and freshwater representatives from differ-
ent latitudes (Van Hove et al., 2008). Arctic and
Antarctic cyanobacteria may be mostly cosmopoli-
tan, generalist taxa rather than endemic specialists,
but this will require ongoing genomic analysis
to fully resolve (Jungblut et al., 2010). Despite the
ecological importance of cyanobacteria in polar
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freshwaters, and the long history of research
on freshwater cyanophages (Safferman and Morris,
1963, 1964), there were no polar freshwater cya-
nophage systems in culture of which we were aware.
This provided motivation to isolate a cyanophage-
host system from high-arctic freshwaters.

In marine systems, titers of cyanophages infecting
Synechococcus spp. can be in excess of 10°ml 7,
and vary with temperature, salinity and host
abundance (Waterbury and Valois, 1993; Suttle and
Chan, 1993; 1994), and are estimated to remove up
to a few percent of the Synechococcus population
each day (Suttle and Chan, 1993; Suttle, 1994).
Historically, cyanophages have been classified into
the families Myoviridae, Siphoviridae and Podovir-
idae based largely on tail morphologies that are
either contractile, non-contractile and flexible, or
short and non-contractile, respectively (Suttle, 2000;
Nelson, 2004; Lavigne et al., 2012). Representatives
of all three families have been isolated from sea-
water (Wilson et al., 1993; Suttle and Chan, 1993;
Waterbury and Valois, 1993; Sullivan et al., 2003)
and freshwater (Safferman and Morris, 1963, 1964;
Adolph and Haselkorn, 1971; Yoshida et al., 2006;
Liu et al., 2007). Host-range studies have revealed
that some cyanophages have broad host ranges and
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are able to infect strains that are distantly related
(Suttle and Chan, 1993; Waterbury and Valois, 1993)
or that even belong to different genera (Sullivan
et al., 2003). Nonetheless, the mosaic architecture
of phage genomes, including structural genes that
result in similar morphology but that appear to have
a different evolutionary origin (Sabehi et al., 2012),
increasingly call into question the use of a Linnaean-
based hierarchical classification, including mor-
phology, as a basis for classifying phage (Lawrence
et al., 2002; Nelson, 2004).

Many sequenced genomes exist for cyanophages
that infect marine Synechococcus spp. ( Chen and Lu,
2002; Mann et al., 2005; Millard et al., 2009; Sullivan
et al., 2010; Huang et al., 2012; Sabehi et al., 2012)
and Prochlorococcus spp. (Sullivan et al., 2005, 2009;
Sullivan et al., 2010; Labrie et al., 2013), as well as
one from a myovirus that infects both genera (Weigele
et al., 2007). Most cyanophage isolates are myoviruses
with genome size ranges from 161 to 252 kb, and share
core genes involved in virion structure, DNA replica-
tion and host-derived genes with T4-like phage
(Mann et al., 2005; Millard et al., 2009; Sullivan
et al., 2010) A number of sequenced marine cyano-
phages are also podoviruses, having genomes
between 42 kb and 47 kb, and sharing similar genome
architecture, as well as core genes with T7-like
phages, including genes involved in virion structure,
DNA replication and that are host-derived (Chen and
Lu, 2002; Sullivan et al., 2005; Labrie et al., 2013).
The few sequenced marine cyanophages that are
siphoviruses have genome sizes between 30 and
108kb (Sullivan et al., 2005; Huang et al., 2012;
Ponsero et al., 2013), and, although divergent from
other siphoviruses, they share several functional
genes with lambda-like phages.

The comparatively limited data for freshwater
cyanophages reveal that most are not closely related
to their marine counterparts. Of the five sequenced
cyanophages that infect Microcystis aeruginosa
(Yoshida et al., 2008), Phormidium foveolarum
(Liu et al., 2007, 2008), Planktothrix agardhii (Gao
et al., 2012) and Synechococcus spp. (Dreher et al.,
2011), only the myovirus S-CRMO01 that infects the
latter is related to myoviruses infecting marine
Synechococcus spp. and Prochlorococcus spp.
(Dreher et al., 2011).

Despite the widespread distribution and ecologi-
cal importance of polar cyanobacteria (Vincent,
2000), little is known about viruses infecting these
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organisms. Here, we report on the isolation and
genomic analysis of cyanophage S-EIV1 and its host,
Synechococcus sp. strain PCCC-A2c, which were
both isolated from polar freshwaters on northern
Ellesmere Island, in the Canadian High Arctic. The
virus bears little resemblance to previously char-
acterized cyanophages and represents a new evolu-
tionary lineage of viruses infecting cyanobacteria
that serves as a new model system for investigating
cyanophage-host interactions and a genomic tem-
plate for exploring viral diversity.

Materials and Methods

Host cells

The phycoerythrin-rich picocyanobacterium Syne-
chococcus sp. strain PCCC-A2c was isolated in July
2001 from the upper freshwater layer of Lake A, a
meromictic lake at lat. 83°05’N, long. 75°30'W near
the northern limit of the Canadian High Arctic
(details in Van Hove et al. (2008)). The strain was
isolated by sequential dilution from a sample taken
immediately under the ice at 2m depth, in the
middle of the lake (Van Hove et al., 2008) in sterile
BG-11 medium (Rippka et al., 1979) at 10 °C under
continuous light (50 pumol photonsm *s~'), and
then transferred to batch cultures for maintenance
at 8°C under continuous low irradiance (33 pmol
photonsm ~*s~"). The isolate is maintained in the
CEN Polar Cyanobacteria Culture Collection at Laval
University as strain PCCC Number A2c.

Cyanophage isolation

Cyanophage S-EIV1 was isolated from a composite
of virus concentrates collected from the surface
waters of lakes and ponds on Ellesmere Island,
Nunavut, Canada (Table 1). In brief, 20-401 of water
was filtered serially through 1.2-um (GC50; Advan-
tec MFS, Dublin CA) and 0.45-pm (HVLP; Millipore,
Bedford, MA, USA) pore-size filters, and the
remaining virus-size particles concentrated ~100-
to 200-fold using a 30-kDa-MWcutoff ultrafiltration
cartridge (Prep/Scale-TFF-2; Millipore) (Suttle et al.,
1991). Viral concentrates were stored at 4 °C in the
dark until processed. S-EIV1 was isolated by pooling
several subsamples from the virus concentrates
(Table 1), adding the mix to an exponentially
growing culture of Synechococcus sp. strain PCCC-
A2c and incubating at 8°C under continuous

Table 1 Site information for virus concentrates collected from freshwater systems on Ellesmere Island, Nunavut (Canada)

Sample ID Location Latitude Longitude Date (August 2008) Depth (m)
VCs Ward Hunt Lake 83°05°'N 74°10'W 14 0
VC9 Quttinirpaaq Lagoon 83°05'N 74°15°W 17 0
VC10 Ward Hunt Ice Shelf 83°01’'N 71°30'W 19 0
VC12 Lake A-2m (oxic) 83°00°'N 75°30°'W 20 2
V(C13 Lake A-12 (oxicline) 83°00°’N 75°30°'W 24 12

2047

The ISME Journal



Genomic analysis of a new group of cyanophages
C Chénard et al

2048

irradiance of 33 pmol photonsm~*s~"' for 14 to
17 days. Culture lysis was determined by a marked
decrease in relative fluorescence (in vivo chlorophyll;
Turner Designs TD-700 fluorometer, Sunnyvale, CA,
USA) compared with control cultures. A clonal
isolate of the virus was obtained by repetitive
dilution to extinction in 96-well microtiter plates
(Suttle and Chan, 1993) containing exponentially
growing Synechococcus sp. strain PCCC-A2c.

Amplification and purification of S-EIV1

The cyanophage was amplified by adding 0.1% (v/v)
of the virus isolate to five 35ml cultures of
Synechococcus sp. strain PCCC-A2c and incubated
until lysis. The lysates were pooled and filtered
through a 0.45-um pore-size filter (HVLP; Millipore)
to remove cellular debris. The virus was then
concentrated (~50x) by ultrafiltration using
Millipore Plus 70 Centricons. The concentrate was
loaded onto a 20/30/40/50% (w/v in 50mM
Tris-HCl, pH 7.6) Optiprep (Sigma-Aldrich, St
Louis, MO, USA) step gradient, and ultracentrifuged
for 8h at 86 711 g and 20 °C (SW40 rotor, Beckman
Coulter, Indianapolis, IN, USA). After centrifuga-
tion, the single visible band was extracted from the
gradient by puncturing the side of the tube with a
sterile 1-ml syringe and dialyzed overnight in a
20,000 MWCO dialysis cassette (3 ml Slide-A-Lyzer;
Thermo Scientific-Pierce, Rockford, IL, USA)
against 500ml of 200mM Tris-HCI, pH 7.6, at 4 °C.
These purified virus particles were used as the
starting inoculum for subsequent experiments.

Transmission electron microscopy

S-EIV1 lysate (70ml) was 0.45-pum filtered (HVLP;
Millipore) and concentrated by ultracentrifugation
for6h at 119577 gand 8 °C in a 45Ti rotor (Beckman
Coulter). The pelleted viruses were resuspended in
1ml of supernatant. A portion of the virus suspension
was fixed with glutaraldehyde (final 1% v/v) and
adsorbed to the surface of formvar/carbon coated
copper grids as previously described (Suttle and
Chan, 1993). The grids were briefly stained with
2% phosphotungstic acid (pH 7), viewed and photo-
graphed on a FEI Tecnai G2 200kV transmission
electron microscope at the University of British
Columbia Bioimaging Facility. Virus dimensions
were estimated from electron micrographs of negatively
stained particles.

Chloroform sensitivity

Sensitivity to chloroform was tested by adding
500 ul of 0.22-um filtered lysate to an equal volume
of chloroform and shaking by hand for 5min. The
chloroform was removed by centrifugation at 4100 g
for 5min at 10 °C (Allegra X-30, F2402 rotor, Beckman
Coulter). The aqueous phase was transferred to a
microfuge tube and incubated for 6h at room
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temperature to evaporate any remaining chloroform.
As a control, 500 ul of chloroform was added to
500 ul of BG-11 medium. Chloroform-treated virus,
chloroform-treated medium and non-treated viruses
were added to exponentially growing Synechoccoccus
sp. strain PCCC-A2c cultures and relative fluorescence
measured for 2 weeks.

Host range

Infectivity of S-EIV1 was tested against six replicate
cultures of eight polar cyanobacterial strains
(Supplementary Table 1) grown as described. Infec-
tivity was determined by a decline in relative
fluorescence compared with control cultures to
which no viruses were added.

Structural proteins

To identify the structural proteins, purified S-EIV1
was diluted in SDS buffer (4:1, v/v) and heated at
95°C for 5min. The sample was then resolved
by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) using a Mini-PRO-
TEAN Tetra Cell (Bio-Rad Laboratories, Hercules,
CA, USA). The 4-12% gel was run in a SDS running
buffer (pH 8.3) at 100V for 2 h using a Novex Sharp
Protein Standard (Invitrogen, Carlsbad, CA, USA)
for size calibration. The gel was stained overnight
with Coomassie Blue and de-stained for 2 days in a
solution of 20% methanol and 10% acetic acid.

DNA extraction, sequencing and assembly
Synechococcus sp. strain PCCC-A2c was grown at
8°C in 800 ml of BG-11 medium (Rippka et al., 1979)
in 11 flasks and 33 umol photonsm ?s~ ' contin-
uous illumination. Exponentially growing cultures
were infected with S-EIV1 and incubated as above
for 14—17 days until lysis occurred. Sodium chloride
(Sigma-Aldrich) was added to the lysate at a final
concentration of 0.5M at 4 °C, which after 1h was
filtered through 1.2-pm pore-size glass-fiber (GC50;
Advantec MFS) and 0.22-pm pore-size membranes
(GVWP; Millipore) to remove cellular debris. The
filtered lysate was ultracentrifuged for 6h at
119577g and 8°C (Type 45Ti rotor, Beckman
Coulter), the supernatant removed and the virus
pellet resuspended in 200 pl of BG-11 medium.
The pellet was treated with DNase 1 and RNase A
to remove free nucleic acids, and the nucleic acids
extracted using a QiAamp MinElute Virus Spin Kit
(Qiagen, Mississauga, ON, Canada). The DNA was
sheared into ~300bp fragments using a Covaris
M220 ultrasonicator (Covaris, Woburn, MA, USA)
and purified using Agencourt AMPure XP beads
(Beckham Coulter). The sequencing library was
constructed using NxSeq DNA Sample Prep Kits
(Lucigen, Middleton, WI, USA) and sequenced on
an Illumina MiSeq at the Génome Québec Innovation
Centre at McGill University (Montréal, QC, Canada).



The adapters were trimmed from the reads using
Trimmomatic-0.30 (Bolger et al., 2014) quality
checked with Sickle (Joshi and Fass, 2011), and
assembled using Ray with default parameters, and
23 as the k-value (Boisvert et al.,, 2012). The
sequence data have been submitted to the GenBank
databases under accession No. KJ410740.

Genome annotation and identification of regulatory
elements and motifs
Open reading frames (ORFs) in S-EIV1 were pre-
dicted using GeneMark (Lukashin and Borodovsky,
1998) and GLIMMER (Delcher et al., 2007), where
the predictions differed, the longer of the two was
kept. The predicted ORFs were translated and
assigned putative functions by using BLASTp to
compare them with protein sequences in the
GenBank (nr), Acclame and Procite databases.
Sequences with e-values <10 ® were considered
to be homologs. PSI-BLAST and HHpred were used
to predict more distant homologs. The genome was
also analyzed for regulatory elements and motifs
such as tRNA genes, promoter motifs and transcrip-
tional terminators. tRNA genes were identified
using tRNAscan-SE (Lowe and Eddy, 1997) and
Aragorn v1.1(Laslett and Canback, 2004). Putative
promoter motifs were identified using PHIRE
(Lavigne et al., 2004) with default parameters (20-
mer sequences (S) with 4 base pair degeneracy
(D=4)), and if they occurred in the 150bp region
immediately upstream of start codons of predicted
protein-coding genes. Rho-independent terminators
were identified using Softberry’s FINDTERM, with
the default energy threshold set to —16kCal
(Weigele et al.,, 2007). The genomic map was
constructed using GCview (Grant and Stothard,
2008). The genome of S-EIV1 was compared with
fosmid MEDDCM-OCT-S04-C348 (Ghai et al., 2010)
by using a tBLASTx analysis (cutoff e-value > 0.0001).
The prophage incision element, AvaD, in Ana-
baena variabilis ATC1495 was confirmed by trans-
lating the ORFs and using blastp to compare them
with sequences in the GenBank (nr), Acclame and
Procite databases, as outlined above.

Phylogenetic analysis

DNA polymerase A (DNApolA) and the large
terminase subunit (terL) were compared phylogen-
etically with those from other cyanophages by
aligning the inferred amino-acid sequences with
ClustalX for DNApolA and Promals for terL (Pei and
Grishin, 2007; Pei et al, 2007) using default
parameters followed by manually refining the
alignments with Geneious v4.7 (Drummond et al.,
2011). Maximum likelihood trees were constructed
with RAXML rapid bootstrapping and ML search
(100 replicates) (Stamatakis et al., 2008) assuming
the James-Taylor Thornton model of substitution
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using empirical base frequencies and estimating the
proportion of invariable sites from the data.

Recruitments of reads to metagenomic data

To interrogate other aquatic systems for S-EIV1-like
phages, reads were recruited from viral metage-
nomic data (Supplementary Table 2) onto the
genome of S-EIV1 using tBLASTx with an e-value
of 10~ "°. If a read was recruited more than once to
the genome, the read was associated with the region
that provided the lowest e-value. The reads were
mapped on the S-EIV1 genome based on their
percent amino acid identified wusing ggplot2
(Wickham, 2009). In addition, we constructed a
database containing protein sequence from S-EIV1
and the NCBI viral database (n=181331 proteins).
Each read from the Pacific Ocean virome (Hurwitz
and Sullivan, 2013) was used as a query in a
BLASTx analysis against the protein database
(cutoff e-value =10"?). Each read was assigned to a
single best matching reference viral protein based on
the e-value. Although the database contained all
viral proteins, only reads with a best match to one of
the 15 cyanophages that recruited the most reads are
shown in Figure 6c. To reduce the effect of genome
size, the read counts were normalized by the
numbers of ORFs.

Results and Discussion

Cyanobacteria are major primary producers in fresh-
water ecosystems, and are often the most abundant
phototrophs in polar lakes (Vincent, 2000); however,
representative cyanophages from these waters have
not been previously described. In the present study,
we isolated and characterized cyanophage, S-EIV1,
from the Canadian High Arctic. SEIV1 was isolated
from a composite of virus concentrates collected
from the surface waters of lakes and ponds on
Ellesmere Island, Nunavut, Canada. This virus
infects the freshwater polar cyanobacterium Syne-
chococcus sp. strain PCCC-A2c. On the basis of
morphology and genomic content cyanophage
S-EIV1 represents a new evolutionary lineage of
bacteriophages. The circularly permuted genome of
79178bp has little similarity to other sequenced
phages; yet, interrogation of metagenomic data
suggests that viruses related to S-EIV1 are widely
distributed in aquatic systems.

General features

Electron micrographs of negatively stained cyanophage
S-EIV1 particles revealed icosahedral capsids with
an average diameter of ~95nm (n=33). Evidence of
short spiky extensions and long, fine tail fibers
(Figure 1) projecting from the base of the capsid
were seen on both intact and empty capsids, but
only capsids that were devoid of nucleic acids
possessed a long tail-like structure that extended up
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Figure 1 General features of cyanophage S-EIV1. Transmission
electron micrograph of S-EIV1 negatively stained with 2%
phosphotungstic acid reveals icosahedral capsids with fine tail
fibers (open white arrows) and short spiky extensions (black open
arrow) that were present in filled and empty capsids, whereas
delicate tail-like structures were only associated with empty
capsids (closed white arrow).

to ~125nm in length (average=109nm, n=>5;
Figure 1, closed white arrow) from the capsid. The
observation that the extended tail was only asso-
ciated with particles devoid of nucleic acids, while
none of the particles containing nucleic acids had
extended tails, suggests that ejection of the tail is
associated with release of nucleic acids, as is
seen in T4-like phages. The unusual morphology
associated with ejection of a tail distinguishes
S-EIV1 from other described phages. Other studies
have shown that the release of nucleic acids can
affect phage structure (Liu et al., 2011; Hu et al.,
2013). Liu et al. (2011) demonstrated that the release
of nucleic acids in a marine podovirus led to the tail
fibers being extended horizontally rather than
parallel to the capsid surface.

The infectivity of S-EIV1 is chloroform sensitive
(Figure 2), similar to some tailed phages. Although
sensitivity to chloroform can be associated with the
presence of lipids in the phage, it is not necessarily
the case (Ackermann, 2006). As well, S-EIV1 was
unable to infect eight other polar cyanobacterial
isolates from nearby freshwaters (Supplementary
Table 1), suggesting that the virus has a limited
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Figure 2 Effect of chloroform on the infectivity of S-EIV1.
Relative fluorescence is shown for Synechococcus cultures grown
in untreated (open circles) or chloroform-treated medium (open

squares) or inoculated with chloroform-treated (black squares) or
untreated viruses (black circles).

S-EIV1

79,178 bp

Figure 3 Genomic map of S-EIV1. Circles from outmost to
innermost correspond to (i) predicted ORFs (BLASTp, nr
database, e-value>0.0001) on forward strand and (ii) reverse
strand; (iii) tBLASTx hits (e-value>0.0001) against the fosmid
MEDDCM-OCT-S04-C348 (the height of the bar is proportional to
the e-value) and (iv) GC content plotted relative to the genomic
mean of 46.2% G+ C. Only ORFs >200bp are shown and are
colored as follows: red, lysis/lysogeny; gray, no homolog; black,
hypothetical proteins; purple, host-derived genes; yellow, DNA
metabolism and replication. *Indicates structural genes that were
identified by SDS-PAGE.

host range. Hence, these data do not support the
hypothesis of Sdwstrom et al. (2008) that the high
proportion of visibly infected cells observed in polar
waters might be indicative of a broad host range.

Genomic analysis

Despite the two distinct morphologies observed in
the micrographs, the genomic data indicate that the
particles are from a clonal isolate of a single phage.
Both the TEM images and the purified nucleic acids
for sequencing were scaled-up from the same
cyanophage stock. The only phage-like sequences



that were recovered belonged to the S-EIV1 genome;
contaminating sequences were all bacterial.

The 79178bp genome of S-EIV1 is circularly
permuted (Figure 3), with a GC content of 46.2%.
Most ORFs in S-EIV1 do not share significant
similarity with genes of known function. Of the
130 predicted ORFs encoded on both strands, 42
have significant similarity to other sequences,
although only 10 were to phage sequences, and
only 15 were similar to genes of known function
(BLASTp, e-value cutoff=10"°). Sequences that
were predicted to encode proteins with known
functions included those associated with DNA
metabolism, replication and cell lysis (Table 2,
Supplementary Table 3); no sequences coding for
tRNAs were found. PSI-BLAST and HHpred were
used to ascribe function to additional ORFs and
resulted in the identification of putative coding
sequences for a viral morphogenesis protein
(ORF109), an exonuclease (ORF17), an o-methyl-
transferase (ORF19) and a restriction endonuclease
(ORF33) (Table 3). This gives a total of 19 ORFs
that show homology to genes of known function.
Three transcriptional terminators were predicted
by Findterm (Supplementary Table 4); two are
downstream of ORFs with unknown function
(ORF6 and ORF16), while one is downstream of a
gene predicted to encode a peptidase (ORF106).

Although S-EIV1 particles that are filled with
DNA show morphological similarity with members
of the Podoviridae, there are few genes shared
between S-EIV1 and podoviruses, including no
evident homology between genes encoding the core
structural proteins, which indicates that S-EIV1
does not belong within this family. Similarly,
S-EIV1 shares negligible genetic similarity with the
large podoviruses that infect Cellulophaga baltica
(Holmfeldt et al., 2013), including genes encoding
the structural proteins. In fact, sequences encoding
known phage structural proteins (that is, capsid, tail
tube, portal or tail fiber) were not found within the
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S-EIV1 genome, with the exception of the terminase
large subunit and a viral morphogenesis protein
classified with HHpred, providing further evidence
that S-EIV1 is distinct from podoviruses and
represents a previously unknown phage lineage.
However, SDS-PAGE analysis resolved six structural
proteins of about 23, 32, 35, 39, 42 and 85kDa
(Supplementary Figure 1). Of these, the only
structural proteins that could be matched with
specific ORFs were the viral morphogenesis protein
(ORF109) corresponding to the 23kDa band, and
ORF99 being the only putative coding sequence long
enough to encode an 85 kDa protein. The detection of
only six structural proteins for a phage of this size is
undoubtedly an underestimation, especially given
the complexity of the tail structure of S-EIV1.
For example, SDS-PAGE analysis for cyanophage
PaV-LD, which is about 80 nm in diameter and lacks
a tail, resolved 13 structural proteins (Gao et al.,
2012), while 14 structural proteins were resolved for
Cyanophage Syn5 (Raytcheva et al., 2011).
Ultimately, a mass spectrometry-based proteomics
analysis would be a more sensitive approach for
elucidating the structural proteins that make up the
S-EIV1 virion.

Host-derived genes that have been found in other
cyanophages, such as those encoding proteins
involved in photosynthesis, carbon metabolism
and phosphorus-related functions (Lindell et al.,

Table 3 Identification of distant homologs of S-EIV1 ORFs using
HHpred analysis

ORF Length Strand Predicted function PfamA  e-Value
(bp) D
17 849 —  Exonuclease PF12684 4.2e "
19 588 +  O-methyltransferase PF01596 1.6 *°
33 621 +  Restriction NA 3.4e "
endonuclease
109 327 —  Morphogenesis protein NA 1.2e %

Table 2 Predicted ORFs of cyanophage S-EIV1 with similarity to genes of known function

ORF Length Strand Significant hit Organism e-Value %Id
(bp) (shared aa)
5 1107+ Lysozyme Synechococcus phage S-CBP3 e ' 55% (205)
8 888 — PurM Synechococcus phage S-CAM1 9e 7®  52% (114)
13 1266  — Glycosyl transferase group 1 Myxococcus fulvus HW-1 e *  30% (123)
14 156 — S-adenosylmethionine decarboxylase proenzyme Prochlorococcus marinus 2e % 44%(22)
str. AS9601
15 2640 — P4 phage primase Cyanothece sp. PCC7424 le7®  37% (176)
28 552 — DNA-binding ferritin-like protein Opitutaceae bacterium TAV1 4e " 30% (39)
50 807 — ssDNA-binding protein Thermodesulfobium narugense DSM ~ 5e¢~ % 36%1(47)
52 1869  — DNA polymerase family A Bilophila wadsworthia 316 e ' 42% (259)
55 627 — FAD dependent thymidylate synthase Cyanophage S-TIM5 7e % 51% (108)
56 378 — Endodeoxyribonuclease Pseudomonas sp. HPB0071] 3e % 47% (26)
95 2538  + Putative terminase large subunit Ava_D0014 Anabaena variabilis ATCC 29413 1le~%7 43%(137)
106 744 4+ Peptidase, M23 family Acinetobacter sp. WC-743 3e” " 33%(44)
115 360 + HNH nuclease Synechococcus sp. CC9902 4e~'"  42% (40)
119 663  + Lysozyme Acinetobacter sp. RUH2624 6e ' 37% (57)
124 585 — Deoxycytidine triphosphate deaminase Synechococcus sp. WH 7803 2e % 53% (104)
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2004; Millard et al., 2004; Mann et al., 2005;
Sullivan et al., 2005; Weigele et al., 2007; Labrie
et al., 2013), were not found in S-EIV1; however,
genes for proteins involved in nucleotide metabolism
and stress response were identified. First, S-EIV1
encodes a homolog of S-adenosylmethionine
decarboxylase (SpeD), a key enzyme in the biosynthesis
of spermidine and spermine, polyamines that are
important in photoadaptation and photoinhibition
in oxygenic phototrophs (Kotzabasis et al., 1999).
For example, a mutant of Synechocystis sp.
PCC6803 with reduced spermidine content exhibits
reduced psbA2 transcript stability (Mulo et al.,
1998). SpeD is also commonly found in marine
T4-like cyanophage genomes (Clokie et al., 2010;
Ignacio-Espinoza and Sullivan, 2012). Another
sequence (ORF28) has distant homology (BLASTp,
e-value=10"*) to genes encoding DNA binding
protein from starved cells (DPS). These intracellular
iron-binding proteins in the bacterioferritin/ferritin
superfamily (Pen and Bullerjahn, 1995) act in iron
storage, DNA binding and oxidative stress prevention.
Prokaryotes have highly regulated enzymatic
systems to protect DNA from oxidative damage
due to reactive oxygen species such as hydroxyl
radicals, superoxide and H,O, (Storz et al., 1990).
During starvation, when the ability to cope with
environmental stress is compromised by the lack of
nutrients, DPS efficiently and rapidly responds to
oxidative and nutritional stresses by making cells
more resistant to reactive oxygen (Storz et al., 1990;
Farr and Kogoma, 1991; Martinez and Kolter, 1997).
A gene encoding DPS might help cyanophages in
polar lakes where oxygen tensions are high
but DNA-repair rates are low because of cold
temperatures, and low-nutrient availability, which
constrains phytoplankton production (Vincent et al.,
2008).

Other genes identified in the genome of S-EIV1
include a phosphoribosylaminoimidazole synthe-
tase (purM) homolog that encodes an enzyme
involved in purine ribonucleotide biosynthesis and
a deoxycytidine triphosphate (dctp) homolog that
encodes an enzyme required for pyrimidine meta-
bolism. S-EIV1 also encodes a thymidylate synthase
homolog, which may be involved in scavenging host
nucleotides, and which may assist viruses with the
synthesis of thymidylate from uridylate after host
transcription has stopped (Thompson et al., 2011).
As occurs in its marine counterparts, S-EIV1
uses the alternative form of thymidylate synthase
(thyX) rather than the canonical form (thyA)
(Ignacio-Espinoza and Sullivan, 2012).

S-EIV1: a new evolutionary lineage of cyanophage

S-EIV1 represents a new evolutionary lineage of
cyanophages based on genome content and organi-
zation. In particular, with the exception of the
terminase large subunit and a viral morphogenesis
protein, we were unable to find any sequence
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similarity between the S-EIV1 genome and other
phage structural proteins. The S-EIV1 genome has
similarity to some of the core genes found in
cyanopodoviruses including ssDNA-binding protein
(ORF50), endonuclease (ORF 56), primase (ORF15),
terminase large subunit (terL) (ORF95) and DNA
polymerase family A (DNApol) (ORF52); many
others are missing including core genes involved
in DNA metabolism, assembly and capsid structure
(Labrie et al., 2013). As well, cyanopodoviruses
generally have a genomic architecture similar to
coliphage T7, which encodes genes on a single
strand arranged as follows: (1) transcription, (2)
RNA polymerase, DNA metabolism and replication
and (3) phage assembly and DNA maturation (Labrie
et al., 2013). In contrast, S-EIV1 codes from both
strands, and similar to Roseophage SIO1 (Rohwer
et al., 2000) does not encode RNA polymerase,
implying that host transcription machinery is used
during infection; this has also been suggested for the
siphovirus P-SS2 that infects Prochlorococcus sp.
(MIT9313) (Sullivan et al., 2009).

Phylogenetic analysis of DNApol and terL shows
that S-EIV1 is evolutionarily distinct from other
cyanophage isolates. Although DNApol is related to
those found in podoviruses, it is evolutionarily
distinct from other evolutionary groups including
viruses infecting Pelagibacter ubique (HTCV-like)
(Zhao et al., 2013) and Roseobacter sp. (SIO-like)
(Rohwer et al., 2000) as well as the P60 group of
cyanopodoviruses (Figure 4 and Supplementary
Figure 2). The sequences were also very divergent
from, and could not be reliably aligned with DNApol
sequences from the freshwater cyanophages Pf-
WMP3 and Pf-WMP4 (Liu et al., 2007; 2008).
Further evidence of the evolutionary divergence of
S-EIV1 from other viruses is provided by terL, which
encodes a protein involved in DNA packaging.
S-EIV1 clusters in a well-supported clade with
terminases found in prophage elements in the
filamentous cyanobacteria Anabaena variabilis
(AvaD) and Nodosilinea nodulosa (Shih et al.,
2013) (Figure 5). The phylogenetic divergence in
terL between S-EIV1 and cyanopodoviruses is not
surprising given that the genome of S-EIV1 is
circularly permuted while in cyanopodoviruses it
is linear with direct repeats, which likely involves
different DNA packaging processes (Rao and Feiss,
2008).

The isolation of S-EIV1 suggests that new evolu-
tionary lineages of viruses are likely to be discov-
ered if different host strains are screened. This has
been shown recently with previously unknown
groups of viruses isolated on Pelagibacter ubique
(Zhao et al., 2013), a bacterium of SAR116 clade
(Kang et al, 2013) and Cellulophaga baltica
(Holmfeldt et al., 2013). Similarly, most cyanophages
have been isolated using a few strains of Synecho-
coccus spp.; however, a previously unknown
lineage of myoviruses (S-TIM5) was isolated from
the Red Sea using a different Synechococcus strain
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(Sabehi et al., 2012). Clearly, there is enormous
potential to isolate representatives of previously
unknown groups of viruses by screening untested
taxa of host organisms.

S-EIV1-like viruses in nature

Although S-EIV1 represents a previously unknown
phage lineage, it shares synteny with a sequence
from an uncultured phage and an incision element
in a filamentous cyanobacterium. During the genome
annotation, the BLAST analysis demonstrated high
similarity with putative proteins from an uncultured
cyanophage (MEDDCM-OCT-S04-C348). A BLASTx

analysis (e-value<0.0001) of the S-EIV1 genome
against the sequence of MEDDCM-OCT-S04-C348,
captured in a fosmid library from the deep-chlor-
ophyll maximum in the Mediterranean Sea (Ghai
et al., 2010), demonstrated synteny between a region
of 40kb from S-EIV1 and the fosmid (Figure 3, inner
circle). A total of 26 ORFs are shared between
S-EIV1 and MEDDCM-OCT-S04-C348. Of these 19
ORF's encode for hypothetical proteins and 7 encode
for putative proteins with known function including
lysozyme (ORF5), phosphoribosylaminoimidazole
synthetase (ORF8), glycosyl transferase (ORF13),
primase (ORF15), DNA-binding ferritin-like protein
(ORF28), ssDNA-binding protein (ORF50) and
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DNApol (ORF52) (Supplementary Table 5). The
similarity between S-EIV1 and MEDDCM-OCT-S04-
C348, as well as the phylogenetic affiliation of
DNApol indicates that MEDDCM-OCT-S04-C348 is
from a relative of S-EIV1. Moreover, as S-EIV1 did
not share significant sequence similarity with any
other of the fosmids in the data base, it represents
yet another evolutionary group of viruses within the
deep-chlorophyll maximum of the Mediterranean
(Mizuno et al., 2013).

Despite huge differences in temperature, salinity
and wide geographic separation, High Arctic lakes
and the Mediterranean Sea are oligotrophic regions
where Synechococcus is a major primary producer.
At the deep chlorophyll maximum in the Mediter-
ranean, Synechococcus abundances range from 1.75
to 4 x 10° cellsml ~*' (Agawin and Agustf, 1997), and
in Lake A, picocyanobacterial populations reach up
to 6 x 10* cellsml ' (Van Hove et al., 2008). More-
over, Synechococcus sp. strain PCCC-A2c has high
16S rDNA gene sequence similarity to cyanobacteria
isolated from freshwater, brackish and marine
systems (Supplementary Table 6). This may also
reflect the range of salinity conditions in meromictic
Lake A, from freshwater at the surface where the
strain was isolated to saline conditions at depth.
Consequently, strains similar to Synechococcus sp.
strain PCCC-A2c¢ may occur in the Mediterranean
Sea, as do closely related cyanophages such as
MEDDCM-0OCT-S04-C348.

Although S-EIV1 demonstrates a lytic lifestyle, it
shares genes with prophage elements. A second 10kb
module on the positive strand of S-EIV1 shares

The ISME Journal

and cyanobacterial host genomes

synteny with, and has five ORFs with high similarity
to a 37 kb incision element (AvaD) in the filamentous
cyanobacterium Anabaena variabilis ATCC29413.
Shared ORFs include putative genes encoding terL
(Supplementary Figure 3) and a structural protein,
suggesting an evolutionary relationship between
S-EIV1 and AvaD. Annotation of AvaD revealed more
phage-like genes including two integrases (AvaD0049
and AvaD0026), hnh nuclease (AvaD0046), endonu-
clease (AvaD0044), primase (AvaD0041), DNA poly-
merase (AvaD0033), RNA polymerase (AvaD0022)
and DNA binding protein (AvaD0015), providing
evidence that AvaD is a viral element.

Phylogenetic analysis of DNApolA with known
phages, metagenomic sequences and amplicons
(Breitbart et al., 2004; Labonté et al., 2009;
Schmidt et al., 2014) reveals that S-EIV1 along with
environmental sequences forms a previously unrec-
ognized evolutionary group of DNApolA sequences
(Figure 4). Further evidence for S-EIV1-like phages
in aquatic systems was obtained from the recruit-
ment of reads from environmental viral metage-
nomic data (Figures 6a and b). Sequences from
freshwater and marine viral environmental metage-
nomic databases were recruited onto the genome of
S-EIV1 (Figures 6a and b), with most recruited
sequences being similar to ORFs located between 55
and 65kb into the genome. This region of the
genome is believed to encode structural proteins,
suggesting that phages with similar structural
proteins are widespread in aquatic systems. In
contrast, no reads were recruited to the region
between 40 and 55kb, suggesting that this is a
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variable region containing environment-specific
genes or genes involved in host recognition.
Metagenomic databases retrieved from environ-
ments where Synechococcus is a major primary
producer showed a higher number of recruited
reads. For example, 249 reads were recruited from
the Lake Bourget viral metagenomes while only 4
reads from the Lake Pavin viral metagenomes (Roux
et al., 2012). Lake Bourget is an oligo-mesotrophic
lake dominated by cyanobacteria (Zhong et al.,
2013), whereas Lake Pavin is believed to be
dominated by picoeukaryotes (Lefevre et al., 2008).
In addition, a BLASTx analysis of a database
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containing S-EIV1 and the NCBI viral proteins with
the Pacific Ocean Virome (POV) metagenomes
(Hurwitz and Sullivan, 2013) indicates that
S-EIV1-like phages are prevalent in these samples
(Figure 6¢). Only sequences with higher similarity to
the cyanophages S-SSM4, S-SM2 and S-TIM5
occurred more frequently in the POV metagenomes.
This comparison overestimates the occurrence of
S-EIV1 relative to other cyanophages, because each
recruited read was only assigned to the phage with
the most similar sequence. Hence, for phages with
very similar sequences, such as the P60-like marine
cyanophages P60, S-CBP3, P-SSP7 and P-RSP2,
which share many core genes, only one phage
genome would recruit each read. As there are
several representative P-60 like cyanophages, but
only one S-EIV1-like phage, the overall effect is to
dilute the number of reads assigned to each P60-like
cyanophage. Regardless, the data indicate that
S-EIV1-like phages are widespread and relatively
abundant in aquatic systems.

S-EIV1 infects a polar isolate of Synechococcus
sp. and represents a previously unknown lineage
of cyanophages. Metagenomic data indicate that
related viruses are globally widespread in aquatic
systems. Given the importance of picocyanobacteria
for primary production in marine and fresh waters,
this previously unknown evolutionary group
of cyanophages lineage may have a major ecological
role.
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