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Abstract

A new cyanophage, S-B05, infecting a phycoerythrin-enriched (PE-type) Synechococcus strain was isolated by the liquid
infection method, and its morphology and genetic features were examined. Phylogenetic analysis and morphological obser-
vation confirmed that S-B0S5 belongs to the family Myoviridae of the order Caudovirales. Its genome was fully sequenced,
and found to be 208,857 bp in length with a G+ C content of 39.9%. It contained 280 potential open reading frames and 123
conserved domains. Ninety-eight functional genes responsible for cyanophage structuring and packaging, DNA replication
and regulation, and photosynthesis were identified, as well as genes encoding 172 hypothetical proteins. The genome of
S-B05 is most similar to that of Prochlorococcus phage P-TIM68. Homologues of open reading frames of S-B05 can be found
in various marine environments, as revealed by comparison of the S-B05 genome sequence to sequences in marine viral
metagenomic databases. The presence of auxiliary metabolic genes (AMGs) related to photosynthesis, carbon metabolism,
and phosphorus assimilation, as well as the phylogenetic relationships based on AMGs and the complete genome sequence,
reflect the phage-host interaction mechanism or the specific adaptation strategy of the host to environmental conditions. The
genome sequence information reported here will provide an important basis for further study of the adaptive evolution and
ecological role of cyanophages and their hosts in the marine environment.

Introduction

Cyanobacteria, formerly called "blue-green algae", are
simple, primitive photosynthetic microorganisms with a
widespread occurrence in aquatic ecosystems. So far, 40
different genera of cyanobacteria have been recognized [1].
Unicellular cyanobacteria of the genus Synechococcus are
ubiquitously distributed in the euphotic layer of the ocean,
where they make a large contribution to the global primary
production [2, 3]. Members of the genus Synechococcus are
both phenotypically and phylogenetically diverse, which is
reflected in the ecogeographic and temporal distribution of
different ecotypes [4, 5]. The population size and distribu-
tion are also affected by infection with cyanophages (i.e.,
viruses that infect cyanobacteria), which are known to be
active, diverse and abundant in all aquatic environments
[6, 7]. It has been suggested that cyanophage infection of

Handling Editor: Johannes Wittmann.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00705-020-04595-6) contains
supplementary material, which is available to authorized users.

> Cui Guo
guocui@ouc.edu.cn

College of Marine Life Sciences, Ocean University of China,
Qingdao 266003, China

Institute of Evolution and Marine Biodiversity, Ocean
University of China, Qingdao 266003, China

Key Lab of Polar Oceanography and Global Ocean Change,
Ocean University of China, Qingdao 266003, China

Department of Ocean Science, Hong Kong University
of Science and Technology, Clear Water Bay,
Hong Kong SAR, China

Institute for Marine and Antarctic Studies, University
of Tasmania, Hobart, Australia

Synechococcus is very common and is responsible for the
mortality of a significant proportion of the Synechococcus
population [8], regulating both its abundance and diver-
sity. However, compared with the large number of different

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-020-04595-6&domain=pdf
https://doi.org/10.1007/s00705-020-04595-6

1398

T. Jiang et al.

cyanophages in the natural environment, the number of
Synechococcus cyanophages that have been isolated and
sequenced is still low due to the limitations of traditional
microbial isolation and culture technology, which have lim-
ited our understanding of cyanophage diversity and ecol-
ogy. By 2019, 318 Synechococcus cyanomyoviruses, nine
Synechococcus cyanopodoviruses, and 13 Synechococcus
cyanosiphoviruses had been isolated and identified, with
their complete genome sequences published in the NCBI
database (Table S1). Some of these genome sequences with
the same phage name exhibit sequence identity of 98% or
more, including 59 sequences of Synechococcus phage
S-RIM2 [9], 45 of Synechococcus phage ACG-2014d, 41
of Synechococcus phage ACG -2014f, 24 of Synechococcus
phage ACG-2014a, and 18 of Synechococcus phage ACG-
2014b [10] (Table S1).

In this study, to better understand the biological charac-
teristics of marine cyanophages and to explore the potential
functional links between cyanophage and cyanobacteria, a
novel cyanophage S-BO0S5 infecting an estuarine Synechococ-
cus strain belonging to subcluster 5.1 clade IX was isolated.
Its morphological features were examined, and its complete
genome sequence was determined, providing insights into
the manner in which marine cyanophages adapt to their envi-
ronment and the potential functional links between cyano-
phages and cyanobacteria in the marine ecosystem.

Materials and methods
Sampling and cyanophage isolation

The cyanophage S-B05 was isolated from surface seawater at
a coastal site (B05, 36°59.894'N, 122°52.542'E) in the Bohai
Sea. Fifteen liters of seawater was collected and sequentially
filtered through 3-pm (Isopore™ 3.0 pm TSTP; Merck, Ire-
land) and 0.2-pm (Isopore™ 0.2 pm GTTP; Merck, Ireland)
polycarbonate membranes. The filtrates were then concen-
trated by tangential flow filtration with a 50-kDa cartridge
(Pellicon® XL Cassette, Biomax® 50 kDa; polyethersul-
fone, Millipore Corporation, Billerica, MA, USA) to a final
volume of 50 ml and stored at 4°C [11]. The host of the cyan-
ophage is Synechococcus sp. strain MW02, which belongs
to subcluster 5.1, clade IX, and can survive in low-salinity
waters [4]. It was grown in 250-ml conical flasks under a
constant illumination of approximately 25 uMol photons
m~2 s~ ! at 25°C in /2 seawater medium. Liquid infection was
used to isolate the cyanophage [12]. The virus-enriched sea-
water was added to an exponentially growing Synechococcus
culture for adsorption, after which the phage-host suspension
was cultured under constant irradiation of 25 pMol photons
m~2 s~ at 25°C. The host culture without addition of the
viral concentrate was used as a control. Typically, lysis of

@ Springer

the host cells was observed within one week. Putative cyan-
ophage lysates were filtered through a 0.22-pm-pore-size
membrane (Millex®-GP 0.22 pm PES; Merck, Ireland), and
the filtrate was stored at 4°C in the dark for further tests [13].

Viruses were purified by serial dilution (maximum prob-
able number [MPN]). Dilution series (tenfold dilutions over
seven orders of magnitude) of the lysate were screened for
infectivity. The most dilute sample causing lysis was saved,
and the process was repeated three times. After the third
round, the most dilute sample producing lysis was assumed
to contain a single particle [12]. The cyanophage was then
concentrated using an Amicon® Ultra 15 device with a
30-kDa ultra-PL. membrane (Merck, Ireland) [14]. Further
purification was performed by sucrose density gradient cen-
trifugation. Aliquots of viral concentrates were layered on
20-t0-50% (w/v) sucrose density gradients and centrifuged at
110,000 x g for 2.5 h at 4°C in a Beckman Coulter ultra-high-
speed centrifuge, using the corresponding polypropylene
centrifuge tubes (REF:326,819). The phage was collected
using a syringe with a needle, diluted at least 1:5 with buffer
STE, and centrifuged at 110,000 x g for 3 h at 4°C. The puri-
fied phage precipitates were resuspended in SM buffer and
stored at 4°C [15]. Eight Synechococcus strains, including
Synechococcus WH7803, WH8102, MWO03, LTWRed,
LTWGreen, PSHKO05, CCMP1333, and PCC70022, were
used to test the host specificity of cyanophage S-B0S5.

Morphological examination by transmission
electron microscopy

Purified viral particles in a volume of 20 pl were placed on
a 200-mesh copper grid, which was left for 10 min before
the excess sample was removed using filter paper. The grid
was stained by adding a drop of 1% (w/v) phosphotungstic
acid (pH 7.0), and the excess stain was removed immediately
using filter paper [13]. The purified cyanophage particles
were then examined using a transmission electron micro-
scope (TEM) (JEOLJEM-1200EX, Japan) at 100 kV to
determine the structural characteristics and dimensions [16].

DNA isolation and sequencing

DNA was extracted from sucrose-density-gradient purified
phage particles using a TIANamp Virus DNA Kit (TIAN-
GEN). Purified S-B0O5 genomic DNA was sequenced using
INlumina Miseq 2 X 300 paired-end sequencing in an ABI
3730 automated DNA sequencer. Gaps between contigs
were closed using GapCloser and GapFiller, with purified
genomic DNA as the template [17].
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Bioinformatics analysis

The open reading frames (ORFs) in the cyanophage S-B05
genome were predicted using GeneMarkS (https://topaz.gatec
h.edu/GeneMark/genemarks.cgi), GLIMMER (https://ccb.
jhu.edu/software/glimmer/index.shtml) and RAST (Rapid
Annotation using Subsystem Technology) (https://rast.nmpdr
.org). The predicted ORFs were translated into amino acid
sequences, and BLASTp (https://blast.ncbi.nlm.nih.gov/) was
used to search for homologous genes in the NCBI non-redun-
dant protein database. The functions of the proteins encoded
by the homologous genes were predicted, and the conservation
of the amino acid sequences was analyzed as described previ-
ously [18]. Protein domains were predicted and analyzed using
InterPro (https://www.ebi.ac.uk/interpro/) and CDD (https://
www.ncbi.nlm.nih.gov/cdd). tRNA scan-SE 1.21 software was
used to search for tRNA genes [19], and RNAmmer v1.2 was
used to predict ribosomal RNA in the full genome sequence.
Genome mapping was performed using DNAplotter (version
17.0.1).

Comparative analysis of cyanophage
genomes

The genome sequence of S-B05 was compared with other
completely sequenced phage genomes using tBLASTx. A
"proteomic tree" based on genome-wide similarities was
generated using viptree (https://www.genome.jp/viptree/)
[20]. To choose the phage sequences to be compared, all viral
sequences in Virus-Host DB (https://www.genome.jp/virus
hostdb/), including viruses with complete genome sequences
available in NCBI/RefSeq and GenBank whose accession
numbers are listed in EBI Genomes, were used to establish
a circular tree. Then the 35 closest phages in the circular tree
were selected together with phage S-B05 to establish a rectan-
gular tree for subsequent comparison and analysis. Phyloge-
netic analysis and gene comparison with other related phages
were carried out in the ClustalW program using the amino
acid sequences of 31 representative auxiliary metabolic genes
(AMGs). A maximum-likelihood phylogenetic tree was con-
structed using MEGA (Version 7.0.18) [21]. Bootstrap values
were determined based on 1000 replicates. Average nucleo-
tide sequence identity values were obtained using OrthoANI
(Average Nucleotide Identity by Orthology), which used the
orthogonal method to determine the overall similarity between
the two genomic sequences [22].

Acquisition of reads from metagenome
datasets

Sequences of homologues of S-B05 ORFs were obtained
from the Global Ocean Sampling (GOS) metagenomic data-
base (0.1-0.8 pm) [23] and Pacific Ocean Virome (POV)
database [24]. The GOS database contains 48 metagenomes
covering a wide range of distinct surface marine environ-
ments and a few estuarine environments, while the POV
database contains 13 viral metagenomes sampling at 10 m
from four biogeographic regions in the Pacific Ocean that
vary by season and proximity to land. The sequences from
the two databases were downloaded from the iMicrobe
website (https://data.imicrobe.us/). Homologues with
E-values < 107, alignment values > 30 and score > 40 were
selected [25]. The proportions of reads in the metagen-
omes homologous to S-B05 ORF were calculated by divid-
ing number of homologous reads by the total number of
metagenomic reads. Prior to calculating each ratio, repeated
reads were deleted. The coverage of each metagenome
against the S-B05 ORFs was calculated by dividing the
number of homologous ORFs in each metagenome by the
number of ORFs in S-B05 [25, 26].

Results
Host range and phage morphology

The host of cyanophage S-B05 is PE-type Synechococcus sp.
strain MWO02 (NCBI accession number KP113680), which
was originally isolated from Hong Kong estuarine waters.
Cyanophage S-B05 did not infect the other tested Synecho-
coccus strains, indicating its host specificity. Examination
by transmission electron microscopy showed that it has an
icosahedral head with a diameter of 74 nm and a contractile
tail of 152 nm in length (Fig. 1).

General genomic features and tRNA
information

The genome of cyanophage S-BO05 is a 208,857-bp DNA
molecule with a G+ C content of 39.9%. It has 280 poten-
tial open reading frames, and 123 conserved domains
(Table S2). Using the program tRNAscan-SE, 10 differ-
ent tRNA types were identified in the genome (Arg, Asn,
Val, Leu, Ala, Tyr, Ser, Ile, Thr and Pro) (Table 1). The
genome of cyanophage S-B0S5 is slightly larger than those
of most members of the family Myoviridae, whose length
is usually between 160 and 200 kb with a G+ C content of
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Fig. 1 Transmission electron
micrograph of cyanophage
S-B05. a) S-B05 with a normal
tail. b) S-B05 with a contracted
tail. The scale bar is 50 nm. A
total of 10° phage particles were
measured

Table 1 tRNA-related information obtained by tRNAscan-SE

L 50
(—
Z el

Sequence name Position Length (nt) tRNA type Anticodon Infernal score Isotype model Isotype score
tRNAL1 84,251-84,166 86 Leu TAA 51.1 Ile 33.0
tRNA2 160,958-161,031 74 Arg TCT 76.2 Arg 73.1
tRNA3 161,245-161,316 72 Thr TGT 58.6 Thr 76.5
tRNA4 161,320-161,392 73 Ala TGC 70.5 Ala 79.0
tRNAS 161,600-161,672 73 Asn GTT 72.6 Cys 724
tRNA6 161,676-161,757 82 Tyr GTA 70.0 Ser 68.6
tRNA7 161,764-161,835 72 Val TAC 70.6 Cys 73.3
tRNA8 162,682-162,767 86 Ser TGA 56.9 Ser 55.3
tRNA9 162,771-162,844 74 Pro TGG 56.3 Thr 59.7
tRNA10 167,192-167,263 72 Ile TAT 54.1 His 58.4

35%-42%. Functional annotation of predicted ORFs showed
that only 98 (36.3%) were associated with specific functions
(E-value < 1075), while the remaining 172 (63.7%) were pre-
dicted to encode hypothetical proteins due to insufficient
information about homologous genes [27]. The predicted
ORFs could be divided into six functional groups related to
structure (26 ORFs), packaging (3 ORFs), DNA replication
and regulation (32 ORFs), photosystem proteins (6 ORFs),
hypothetical proteins, and additional functions related to
physiological activity (31 ORFs) (Fig. 2).

Phylogenetic position of cyanophage S-B05

Phylogenetic analysis showed that S-B05 clustered with
Prochlorococcus phage P-TIM68, Synechococcus phage
S-SM2, and Synechococcus phage Bellamy (Fig. 3b). To
compare the genome similarity between S-B05 and other
related cyanophages, the average nucleotide sequence
identity values were calculated for the nine cyanophages
that are most closely related to S-BOS in the phyloge-
netic tree (Fig. 3c) [14]. The average nucleotide identity
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values (OrthoANI values) between S-B05 and the other
nine phages were all very similar, ranging from 65.11%
t0 69.55%.

Cyanobacterial-assisted metabolic gene
AMGs

A total of 14 AMGs were identified in the genome of cyano-
phage S-B0S, including genes involved in photosynthesis
(ORF 234 psbA, ORF236 psbD, ORF 134 hli, ORF277
speD, ORF219 petE, and ORF132 petF), carbon metabolism
(ORF141 talC), phosphate acquisition (ORF250 phoH, and
ORF135 pstS), DNA biosynthesis (ORF80 cobS, ORF109
mazG, and ORF11 purM), heat shock (ORF269 hsp) and
cAMP phosphodiesterase activity (ORF273) (Fig. 4). Cyan-
ophages for comparison were selected based on their phylo-
genetic position in the whole-genome-based tree (Fig. 3b).
A maximum-likelihood phylogenetic tree of the selected
cyanophages based on 31 representative AMGs showed
that S-BO5 did not cluster together with most of the phages
(Fig. 4).
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Fig.2 (a) Genome map of cyanophage S-B05 and functional annotation of the predicted proteins. The figure was produced using DNAplotter

(version 17.0.1)

Distribution of S-B05 ORF homologues

Homologues of S-B05 ORFs were found in different marine
environments. Of the reads obtained from the POV, the pro-
portion of S-B05 ORF homologues was similar in coastal
(1.69%) and open ocean (1.62%) areas and higher in inter-
mediate (2.56%) regions (Table 2). The distribution of reads
obtained from the 0.1- to 0.8-pm fraction in the GOS metage-
nomes showed a similar pattern (Table 2) in which S-B0O5 ORF
homologues had a similar proportion in coastal (1.59%) and
open ocean (1.689%) areas. It is noteworthy that the coverage
of S-B05 ORFs in the metagenomic databases was very high.
Overall, homologues of 97% of the S-B05 ORFs were found
in metagenomic databases. In the GOS metagenome database,
the coverage of the S-B05 ORFs reached 95% in coastal areas.

Even when the data from the POV database were limited to
open ocean areas, the lowest coverage still reached 73.7%.

Accession number

A complete genomic sequence of phage S-B05 was sub-
mitted to the GenBank database and assigned the accession
number MK799832.

Discussion

A linear double-stranded DNA cyanophage, S-B05, was

isolated from Bohai Sea seawater in summer. This strain
belongs to the family Myoviridae, order Caudovirales, based
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Fig. 3 Phylogenetic analysis. (a and b) Phylogenetic analysis with other related phages identified using the genome-wide sequence similarity val-
ues computed by tBLASTx. (c) Heat map based on OrthoANI values calculated using OAT software

on the phylogenetic analysis and morphological features
observed by transmission electron microscopy. A tRNAs-
can-SE analysis demonstrated the presence of 10 different
tRNA types in the genome (Arg, Asn, Val, Leu, Ala, Tyr,
Ser, Ile, Thr and Pro) (Table 1). Cyanophage tRNAs play an
important role in phage infection of the host. Currently, only
a few freshwater cyanophages have been reported to contain
tRNA genes corresponding to all 20 amino acids, such as
S-CRMO1 [28] and S-CBWM1 [25]. There are also phages
that lack only a few tRNA types, for example, the Synechoc-
occus phage S-PM2 genome lacks only tRNA genes for Cys
and Phe [29]. Cyanophages infecting marine Synechococcus
have not been reported to contain more tRNA types than
reported here. In fact, the list of amino acids represented
by the tRNAs is very similar in most known viral genomes,
suggesting that the tRNA genes may originate from the
same gene pool, losing or acquiring genes and generating
sequence differences during evolution [25]. Studies have
shown that cyanophage tRNAs may have a role in cross-
infectivity of oceanic Prochlorococcus (low G+ C content)
and Synechococcus (high G + C content) hosts. Some phages

@ Springer

in the family Myoviridae that can infect both Prochloro-
coccus and Synechococcus might overcome the limitations
associated with differences in G+ C content by carrying an
additional set of tRNAs in their genome for AT-rich codons
[30].

A comparison of genome sequences revealed that cyan-
ophage S-B05 shares many similar genes with other cyan-
ophages, including Prochlorococcus phage P-TIM68, Syn-
echococcus phage Bellamy, Synechococcus phage S-SM2,
and Synechococcus phage S-T4 (Table 3). Interestingly,
although the host of S-BOS5 is Synechococcus, it shares
the most genes with cyanophage P-TIM68, whose host is
Prochlorococcus. Therefore, it is speculated that phages
infecting cyanobacteria may share many same genes. It
has been reported that some cyanophages isolated from a
member of one genus are able to infect members of another
genus, such as Synl9, which is known to infect members
of both Synechococcus and Prochlorococcus [31]. Cyano-
phage S-B05 and P-TIM68 are closely related in terms of
their complete genome but distant in terms of OrthoANI,
which had a value of only 68%. This may suggest that
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Fig.4 A heat map showing the gene copy number matrix of 31 auxil-
iary metabolic genes (AMGs) of 36 cyanophages. These phages were
selected based on their phylogenetic position in the whole-genome-
based tree. A maximum-likelihood phylogenetic tree of these cyano-

cyanophages that infect marine cyanobacteria originally
had a common ancestor but subsequently diverged.

Viruses can regulate host metabolism and facilitate pro-
duction of new viruses by providing virus-encoded AMGs.
They are commonly found in the genomes of cyanophages
[32] and are usually homologues of host genes related to
photosynthesis [33, 34], carbon metabolism [35], nucleic
acid synthesis and metabolism [36, 37], and stress tol-
erance [38], providing a genetic basis for evading host
immune defenses and improving their ecological adapt-
ability [39, 40]. During the interaction between phages
and cyanobacteria, gene transfer promotes the co-evolu-
tion between the virus and the host and has an important
impact on their genetic diversity [41].
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phages based on 31 AMGs is shown to the left of the heat map. The
names of the cyanophages are colored separately according to the
genus of the host from which the phage was isolated: Synechococcus,
blue; Prochlorococcus, red

In S-BO0S5, the photosynthesis-related proteins module
contains six ORFs. The photosynthetic genes psbA and psbD
encode the D1 and D2 proteins of the photosystem II reac-
tion center and are key genes for host light regulation [42].
They are commonly found in the genome of cyanophages
isolated along the coast or in the open ocean. Among the 36
viral genomes analyzed, 97% had psbA and 75% had psbD
(Fig. 4). Their sequences are conserved and highly simi-
lar to the host photosynthetic genes. In fact, the psbA and
psbD genes from the phage and the host are homologous
[42, 43]. It has been reported that there is a bidirectional
exchange of genetic information between the phage and the
host genome, and it is thought that the photosynthetic genes
of cyanophages were acquired in the process of infection
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Table 2 Proportions of reads Virome No. of sequence reads Proportion of S-B0O5 ORF  S-B05 ORF

homologoqs to S-B05 ORF homologues (%) coverage

sequences in metagenomes (%)

obtained in different regions and

the coverage of S-B05 ORFs by GOS-estuary® 321,772 2.2059 774

each type of metagenome GOS-coastal region® 3,245,119 1.5888 95.1852
GOS-open ocean® 3,321,945 1.6809 90
POV-coastal regiond 2,970,499 1.6944 92.963
POV-intermediate region® 414,169 2.5557 82.59
POV-open ocean' 636,215 1.6186 73.7

#The Global Ocean Sampling (GOS) estuary database includes metagenomic data obtained from sampling
sites GS006, GSO011, GS012 and MOVES858

®The GOS coastal region database includes metagenomic data obtained from sites GS002, GS003, GS004,
GS007, GS008, GS009, GS010, GS013, GS014, GS015, GS016, GS019, GS021, GS027, GS028, GS029,
GS031, GS034, GS035, GS036, GS049, GS117a and GS149

“The GOS open ocean database includes metagenomic data obtained from sites GS017, GS018, GS022,
GS023, GS026, GS037, GS047, GS109, GS110a, GS111, GS112, GS113, GS114, GS115, GS116, GS119,
GS120, GS121, GS122 a, GS122b and GS123, according to Rusch et al. [23]

4The Pacific Ocean Virome (POV) coastal region database includes metagenomic data obtained from
sampling sites 002255 M.Fall.C.10 m, 002256SFC.Spr.C.10 m, 002257SFD.Spr.C.10 m, 002258SFS.
Spr.C.10 m, 0022259STC.Spr.C.10 m, 002260SMS.Spr.C.10 m, and 002245L.Spr.C.10 m

®The Pacific Ocean Virome (POV) intermediate region database includes metagenomic data obtained from
sampling sites 002230L.Spr.I.10 m and 002253 M.Fall..10 m

"The Pacific Ocean Virome (POV) open ocean database includes metagenomic data obtained from sam-
pling sites 002234L.Sum.0.10 m, 002238L.Win.0.10 m, 002242L.Spr.0.10 m, and 002249 M.Fall.0.10 m

Table 3 Cyanophages with
genes similar to those in
cyanophage S-B05, identified
using BLASTp

Phage name

Phage family =~ Genome length (bp) ~ GenBank acces- No. of

Prochlorococcus phage P-TIM68
Synechococcus phage Bellamy
Synechococcus phage S-SM2
Synechococcus phage S-T4

sion number similar
genes
Mpyoviridae 197,361 NC_028955 39
Mpyoviridae 204,930 MF351863 22
Mpyoviridae 190,789 NC_015279 20
Mpyoviridae 181,082 MH412654 17

of their hosts [44]. The presence or absence of pshbA in a
phage genome may be related to the length of the latent
period of infection. Whether a phage also carries psbD may
reflect constraints on coupling of viral- and host-encoded
PsbA—PsbD in the photosynthetic reaction center across
divergent hosts [45]. The phylogenetic tree constructed
based on psbA genes included both Synechococcus and cyan-
ophage sequences (Fig. 5). However, the host genes clus-
tered in one group while the cyanophage genes clustered in
another. This indicates that even though the photosynthetic
system genes of the cyanophage are derived from the host
gene pool, they still differ from the photosynthetic genes of
the host. It has been reported that genes have been trans-
ferred from host to phage in a discrete number of events over
the course of evolution, followed by horizontal and vertical
transfer between cyanophages [45]. The polyamine biosyn-
thesis gene speD, which was found in cyanophage S-BO05, is
known to catalyze the terminal step in polyamine synthesis

@ Springer

in other prokaryotes, and polyamines affect the structure and
oxygen evolution rate of the photosystem II (PSII) reaction
center in higher plants [46]. Therefore, it may play a role
in maintaining the host PSII reaction center during phage
infection [47]. Cyanophage S-BO0S5 also contains two photo-
synthetic electron transport genes coding for plastocyanin
(petE) and ferredoxin (petF). Infectious cyanophages carry-
ing photosynthetic system genes not only enhance the photo-
synthetic ability of the host but also increase the adaptability
of cyanophages themselves by offering optimal condition for
virus production [45].

S-BOS5 includes three related genes, cobS, mazG and
purM, that are involved in DNA biosynthesis. MazG reg-
ulates cell nutrition and stress and is a regulator of pro-
grammed cell death [48]. It is a highly conserved gene in
cyanopodoviruses and cyanomyoviruses that infect Syn-
echococcus. It is also widespread in marine ecosystems,
reflecting the rich diversity of cyanophages. Meanwhile, the
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Fig.5 Neighbor-joining phylogenetic tree with other related phages based on the amino acid sequences of the photosystem II D1 protein (psbA).

The bootstrap values are based on 1000 replicates

cyanophage mazG gene has a small effective population size,
indicative of rapid lateral gene transfer. However, a study has
shown that the mazG genes in Prochlorococcus and Syn-
echococcus phages do not cluster with the host mazG gene,
suggesting that their primary hosts are not the source of
the mazG gene [48]. CobS encodes a subunit of an enzyme
that is involved in the synthesis of bacterial vitamin B12,
an important cofactor for the cyanobacterial ribonucleotide
reductase, and plays an important role in the biosynthesis
of proteins [47]. DNA synthesis genes such as those encod-
ing purine synthase (pursS, purN, purM, purH) and pyrimi-
dine synthase (pyrE) are also usually found in cyanophage
genomes. These cyanobacterial enzymes catalyze impor-
tant stages of DNA biosynthesis to provide nucleosides for
phage genome replication and DNA synthesis. However,
cyanophage S-B05 contains only the purine operon purM.
As shown in Fig. 4, some Prochlorococcus phages, such
as P-SSM2, P-SSM7 and P-TIM68, contain several purine
and pyrimidine synthase (pursS, purM, purN, purH, pyrE),
while Synechococcus phages contain only one purine syn-
thase gene (purM or purS), with the exception of S-CAM4,
which has both purM and purS. Because purine and pyrimi-
dine syntheses are involved in biosynthesis, the reason for
this difference may be related to the growth of the host as
well as the growth of the virus itself. Cyanophages that lack
purine and pyrimidine synthase, such as S-B0S5, are presum-
ably dependent on the host for these activities.

Genes related to the regulation of phosphate, phoH and
pstS, were found in the genome of S-BOS. The pstS gene

plays an important role in the phosphate transport system of
the host. It can regulate phosphate absorption and assimila-
tion under phosphate-limiting conditions and may contribute
to the pyrolysis cycle by increasing the phosphate supply
in the host cell [31, 49]. As the most common phosphate-
regulating unit gene in the genome of cyanophages, phoH
is present in 35 of 36 related cyanophages, with P-TIM68
being the exception (Fig. 4). However, its specific function is
still unclear [50]. In this study, the host of S-B05, Synecho-
coccus sp. strain MW02, was isolated from an estuarine site
and has been confirmed to belong to subcluster 5.1 clade IX,
which includes strains that can survive in low-salinity waters
[4]. Since the isolation site is largely influenced by the Pearl
River discharge, where low phosphorus levels are common
[51], phoH and pstS may play an important role in regulating
phosphate uptake in the host in this ecosystem.

The phylogenetic relationships observed based on AMG
content are quite different from those based on the complete
genome sequence. This indicates that even cyanophages with
close kinship have very different AMGs (Fig. 4). For exam-
ple, in trees based on the AMG genes, S-B05 belongs to
a separate branch and is distantly related to Bellamy and
S-SM2, which, however, are closely related to S-B05 when
the analysis is done based on the whole genome sequence.
This could be attributed to various adaptive advantages
related to the habitat type of the host [33].

In conclusion, S-B05, a cyanophage belonging to the
family Myoviridae, was isolated from a coastal station in
the Bohai Sea. Genome sequencing showed that S-B05
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has a linear dsDNA genome of 208,857 bp with 280 puta-
tive open reading frames. Phylogenetic analysis and mor-
phological observation showed that cyanophage S-B05
belongs to the family Myoviridae, order Caudovirales
according to the ICTV virus classification system. Dif-
ferent phylogenetic relationships were observed depend-
ing on whether AMGs or whole genome sequences were
analyzed, reflecting different phage-host interaction
mechanisms or a specific adaptation strategy of the host
to environmental conditions. Comparisons with sequences
in marine viral metagenomic databases demonstrated that
homologues of S-B05 ORFs are present in different marine
environments. Because of the limited gene and protein
information in the cyanophage database, it is essential
to isolate and identify more cyanophages from different
environments. The resulting information will provide an
important basis for further research of the interaction,
adaptive evolution, and ecological role of cyanophages
and their hosts in marine environments.
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