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Pseudomonas is a ubiquitous and ambiguous opportunistic pathogen, and

plays an important ecological role in the ocean. Here, a new species,

Pseudomonas phage vB_PaeM_M1, is described, which was isolated from

the surface coastal waters of Qingdao, China. vB_PaeM_M1 contains a linear,

double-stranded 89,387-bp genome with a GC content of 41.04% and

encoding 184 putative open reading frames (ORFs). There were 50

conservative domains were predicted with BLASTp, including two auxiliary

metabolic genes (Phosphate-inducible gene phoH and signal peptide

peptidase A, sppA). Phylogenetic analysis of whole genome amino acid

sequence and comparative genomic analysis showed that vB_PaeM_M1 has

a distant evolutionary relationship with previously isolated viruses and can be

grouped into a family-level novel viral cluster (VC_61) with eleven uncultured,

assembled viral genomes, named as Psaeviridae. Psaeviridae contains two

ORFs (ORFs 117 and 127), which were not detected in the genomes of other

viral families, confirming the proposal for a new family. Combined with its

ability to infect Pseudomonas and its representation of an unstudied viral

family, vB_PaeM_M1 may be an important and novel model system for the

study of interactions between viruses and host cells in marine ecosystems.

KEYWORDS
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phylogenetic analysis, Psaeviridae
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Introduction

Viruses are the most abundant “life forms” in the ocean.

They include bacteriophages (phages), archaeal viruses and

eukaryotic viruses, which infect bacteria, archaea and

eukaryotes, respectively (Carlton, 1999; Pourcel et al., 2017).

By infecting and lysing their hosts, viruses play an important role

in the regulation of marine microbial communities and global

biogeochemical cycles (Weinbauer, 2004). Genomic and

metagenomic analyses show that viruses are also the most

abundant biological entities in diverse marine environments.

Furthermore, they are not only widely distributed, but they also

have very high genetic diversity (Breitbart et al., 2002). Some

viruses can manipulate the genome of marine organisms

through horizontal gene transfer and promote biological

evolution (Suttle, 2007). Moreover, the expression of phage-

encoded auxiliary metabolic genes (AMGs), such as psbA and

psbD genes, play important roles in maintenance of

photosynthetic energy production of host cells during

infection (Bragg and Chisholm, 2008; Thompson et al., 2011).

However, it is estimated that more than 90% of the metagenomic

assembled viral populations remain unknown (Gregory

et al., 2019).

Pseudomonas is a common conditional pathogen, which

belongs to non-fermenting Gram-negative bacteria (Graham-

Mize and Rosser, 2004). It is widely distributed in different

environments such as water, air, soil, normal human skin,

respiratory tracts and intestinal tracts (Alam et al., 2021). It is

one of the main pathogens of nosocomial infection and has a

very complex antimicrobial resistance mechanism, resulting in

the existence of many antimicrobial resistance strains (Poole,

2011). This is attributable to various factors, including

horizontal gene transfer and mutational changes in genes,

making their treatment options very limited (Poole, 2011).

Although Pseudomonas has important ecological and

medical significance, our understanding of the interaction

between phages and Pseudomonas is still inadequate, especially

considering their potential applications in phage therapy. As of

November 2022, 739 complete Pseudomonas phage genomes

have been submitted to GenBank. Compared with the vigorous

development of metagenome research, there are few studies

describing new marine phages (Yang et al., 2021). Therefore,

the isolation and analysis of more Pseudomonas phages will lead

to a better understanding of the impact of metabolic regulation

of phages on the host community and the ways they can affect

biogeochemical cycles, and will provide more candidates for the

biological control of pathogenic Pseudomonas.

In this study a new Pseudomonas phage vB_PaeM_M1 was

isolated from coastal waters off Qingdao, China. Through the

genome, phylogeny and comparative genome analysis of

vB_PaeM_M1, the Pseudomonas phage database was expanded.

Due to its unique evolutionary relationship, vB_PaeM_M1 can be
Frontiers in Marine Science 02
combined with eleven uncultured phage contigs identified from

metagenomics to form a new family-level virus cluster (VC). This

phage will provide important information for the further study of

the relationship between phages and Pseudomonas in the ocean

and the role of phages in marine ecosystems.
Materials and methods

Location and sampling

Surface seawater samples were collected from the waters

near Qingdao in the Yellow Sea (120° 19 ′ 23 ″ E, 36° 4 ′ 4 ″ N).
The 50 L water samples were filtered through a 20 mm filter to

remove larger plankton and particles and then passed through

0.22 mm pore size (micropore) filter. Using tangential flow

filtration (laboratory scale, 50 kDa), the seawater containing

the virus was concentrated 500 times to obtain a 100 ml sample.

The sample and the original seawater were stored in the dark at

4°C until the experiment was carried out (Wang et al., 2015).
Phage isolation and purification

After passing through 0.22 mm microporous membrane

fi l ters , to remove bacteria and phytoplankton, the

bacteriophages were separated from the same seawater sample.

Plaques were obtained by the double agar layer method (0.5%

low melting point top agar, solid 2216E medium: agar 15 wt.%,

semi-solid 2216E medium 7.5 wt.%, agar brand: Solarbio,

Beijing) to check for the presence of phages; these were then

cultured at a constant 26°C overnight. Each plaque was cored,

purified three times and resuspended in 500 mL of sterile SM

buffer [100 mMNaCl, 81.2 mMMgSO4 7H2O, 50 mM Tris–HCl

(pH 7.5), 0.01% gelatin]. The purified phage was then stored in

SM buffer at 4°C for several months (Liu et al., 2019).
Bacterial strain isolation and
identification

The host bacterial strains were isolated from unfiltered

seawater samples by serial dilution, and then cultured in liquid

ZoBell medium at 28°C (Duhaime et al., 2011; Liu et al., 2018).

16S rRNA gene was amplified by PCR for molecular

identification with the following universal primers: 5′ 27f:

AGAGTTTGATCMTGGCTCAG 3′ and 1492R: 5′ TACGGYT
ACCTTGTTACGACTT 3′ (BGI tech solutions co. Ltd., Beijing

Liuhe). By analyzing the results of 16S rRNA gene sequence

analysis, BLAST search the 16S rRNA gene sequence to

determine the type of strain. Genomic DNA was extracted and

purified according to the method of Marmur, using a
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commercial genomic DNA extraction kit (TIANGEN)

(Marmur, 1961).
Morphology study by transmission
electron microscope (TEM)

The purified phage samples were negatively stained with

phosphotungstic acid (2%, wt/vol, pH 7.2). Images of purified

particles of bacteriophage vB_PaeM_M1 were examined by

TEM (jeol JEM-1200EX; jeol, Japan) 100 kV (Middelboe et al.,

2010) at a magnification of ×400,000. The phage size was

estimated from the electron micrographs (Li et al., 2016).
Extraction of phage DNA and
bioinformatics analysis

Bacteriophage genomic DNA was extracted using an OMEGA

viral DNA kit according to the manufacturer’s instructions. Nucleic

acids were detected by electrophoresis (Pires et al., 2011). Purified

phage genomic DNA was sequenced using Illumina Miseq 2 × 300

paired-end sequence by the Novogene Company (Tianjin), the raw

data were then filtered to get clean data and assembled using SOAP

de novo v2.04 (Beilstein and Dreiseikelmann, 2006). The generated

reads were filtered for adapter sequences and low-quality regions

using Trimmomatic v0.36. This process removed Illumina adapter

sequences, regions longer than 4 nucleotides and an average phred

value below 15 and a minimum length of 36 bp. The termini were

identified by PhageTerm v1.0.11 (Garneau et al., 2017). The reads

with the maximum coverage were considered as phage termini

(Supplemental Figure S1). Coding DNA sequences of the phage

were predicted using RAST v2.0 (http://rast.nmpdr.org/), all open

reading frames (ORFs) were annotated by BLASTp against the

nonredundant proteins (NR) NCBI database (http://blast.ncbi.nlm.

nih.gov) with E-value <1e-5 (Schneiker et al., 2006; Aziz et al.,

2008). Genomes were searched for antimicrobial resistance genes

(ARGs) using the CARD (Alcock et al., 2020) and ResFinder

(Bortolaia et al., 2020) databases as a reference. Pfam search

(https://pfam.xfam.org/search/sequence) with default parameters

and hhpred search (https://toolkit.tuebingen.mpg.de/tools/hhpred)

were using as online servers, the genome was searched by the CLC

main workbench 20 (Hyman and Abedon, 2010; Duhaime et al.,

2011; Mistry et al., 2021).
The phylogeny of Pseudomonas ZM01

The reference sequences of 50 Pseudomonas families with

16S rRNA genes most similar to M1 were selected from

GenBank (Supplemental Table S1), including the host strain

Pseudomonas ZM01, and aligned by mafft using G-INS-1 of

strategy with 1000 iterations (Minh et al., 2020). Positions with
Frontiers in Marine Science 03
90% or more gaps were removed from the alignments with

trimal (Capella-Gutiérrez et al., 2009). The phylogenic tree was

calculated from multiple sequence alignments using IQ-tree2

(Letunic and Bork, 2019), applying GTR + F + R4 as the

suggested DNA model with 1000 iterations of bootstrap. The

tree was visualized by iTOL v4 (Bolger et al., 2014).
Phylogenetic analysis and comparative
genomic analyses

Based on the whole genome amino acid sequences of

bacteriophage vB_PaeM_M1 and Pseudomonas phages, the

proteome tree was generated by ViPTree v3.1 (https://www.

genome.jp/viptree) (Nishimura et al., 2017). tBLASTx and

ViPTree were used for genome comparison to describe the

relationship between bacteriophage vB_PaeM_M1 and its close

relatives. All-vs-all BLASTp analysis used orthofinder v2.5.4 to

compute the percentage of shared genes between phage

vB_PaeM_M1 and all complete Pseudomonas phages genomes

in the NCBI RefSeq database (Emms and Kelly, 2019).

vConTACT 2.0 uses a guilt-by-contig-association classification

on the International Committee on Taxonomy of Viruses

(ICTV) taxonomy dataset to cluster and provide classification

background for sequencing data. To further study vB_PaeM_M1

classification information, BLASTp was used to expand phage

population (Teeling et al., 2004; Bolduc et al., 2017). In order to

find homologous phages related to vB_PaeM_M1, each coding

sequence of vB_PaeM_M1 was queried against the Integrated

Microbial Genome/Virus (IMG/VR, v.3) database (E value, <1e-

10; identity, >30; and alignment region covering >50%) (Paez-

Espino et al., 2017; Paez-Espino et al., 2019; Roux et al., 2021). In

order to find the conserved proteins of family A, BLASTp was

used for comparison in the NR database (E value, <1e-10;

identity, >30; and alignment region covering >50%). In

vConTACT analysis, the selected sequence was compared with

vB_PaeM_M1 as a group to obtain more accurate results

(similar sequences were selected by Diamond, all of which

satisfied the following parameters: E value, <1e-5; alignment

region covering more than 50% of the shorter sequence; and

identity >30%) (Zhan and Chen, 2019). Gephi visualizes the edge

weighted model network based on the vConTACT analysis

(Bastian et al., 2009). The ANI (average nucleotide identity)

value of vB_PaeM_M1 was calculated by VIRIDIC, and the

results were visualized by pheatmap (Moraru et al., 2020).
Results and discussion

The phylogeny of Pseudomonas ZM01

The phylogenetic tree was constructed based on the 16S

rRNA gene of marine Pseudomonas ZM01 and 50 other
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reference sequences of similar marine species in the

Pseudomonas family (Figure 1A; Supplemental Table S1).

Pseudomonas ZM01 forms a distinct clade, suggesting

that Pseudomonas ZM01 might represent a novel variant of

Pseudomonas aeruginosa.
Morphology of vB_PaeM_M1

A marine phage, named vB_PaeM_M1, that can infect

Pseudomonas ZM01 was isolated from a surface seawater

sample collected from the coastal waters of Qingdao, Yellow

Sea. TEM images show that phage vB_PaeM_M1 has an

isometric head (diameter of 90 to 90.9 nm [average ± standard

deviation, 55 ± 3 nm]) and a contractible tail (length of 88 to

91 nm [11 ± 3 nm]) (Figure 1B).
Overall genome features

vB_PaeM_M1 was a linear, 89,387-bp, double stranded

DNA (dsDNA) molecule genome with a GC content of

41.04% (Supplemental Tables S3, S4). The open reading

frames (ORFs) were determined by BLASTp, HHpred and

Pfam search analysis, and a total of 184 ORFs were predicted.

Among them, 50 ORFs had known functions, and were divided

into four functional modules: phage structure (ORFs 88, 113,

114, 115, 117, 119, 120, 121, 122, 123, 124, 126, 127, 128, 129,

130, 133, 134, 135, 137, 141 and 169), DNA replication and

regulation (ORFs 21, 33, 65, 72, 74, 79, 80, 92, 97, 100, 108, 111,

138, 148, 149, 153, 155, 158, 159, 160, 167, 168, 173, 182, 183 and

184), phage packaging (ORFs 86, 109 and 110) and lytic protein

(ORFs 75, 77 and 140). In addition, two AMGs (ORF 87 and
Frontiers in Marine Science 04
ORF 112) were predicted (Supplemental Table S2; Figure 2).

With regard to acquired resistance by horizontal gene transfer,

ResFinder and CARD did not detect any acquired antibiotic

resistance genes.

ORF 21 encodes pyrimidine dimer DNA glycosylase, which

mainly removes pyrimidine dimer by hydrolyzing the 5

‘pyrimidine glycosyl bond and phosphodiester bond in

pyrimidine (Morikawa et al., 1992). The pyrimidine dimer

mainly results from UV damage to DNA, which it can

effectively repair. ORFs 33, 65, 74, 111, 168, 182 and 184

encode endonuclease, which hydrolyze the phosphodiester

bond in the molecular chain and participate in the post

transcriptional cleavage, modification and degradation of DNA

(Wang et al., 2005). ORFs 72 and 160 might be involved in the

hydrolysis of a variety of lipids formed from phosphoric acid

(Aravind and Koonin, 1998). ORF 97 encodes DNA polymerase;

these enzymes catalyze the polymerization of dideoxy

ribonucleotides with DNA strands, which is necessary for

DNA replication. ORFs 79 and 92 encode DNA ligase and

RNA ligase respectively, which connect the phosphodiester

bond between the DNA strand and the RNA strand in the

process of replication and transcription (Nandakumar et al.,

2006). ORF 100 is expected to encode a zinc finger protein,

which is mainly related to A2L transcription factors of some

viruses and participates in the transcription process of DNA

(Iyer et al., 2006). ORF 138 encodes DNA-directed RNA

polymerase, also known as transcriptase. It is an enzyme that

synthesizes RNA using a DNA strand or RNA as a template,

ribonucleoside triphosphate as a substrate, and polymerizes

through phosphodiester bonds (Spåhr et al., 2009). ORFs 148

and 149 encode ribonucleotide reductase, which catalyzes

nucleotides into deoxyribonucleotides and uses them for DNA

synthesis. ORF 153 encodes thymidylate synthase, which can
FIGURE 1

(A) The phylogenic tree based on the 16S rRNA gene of Pseudomonas ZM01 and other 120 reference 16S rRNA gene sequences of
Pseudomonas ZM01. (B) Transmission electron micrograph of vB_PaeM_M1.
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catalyze the methylation of uracil deoxynucleotides to synthesize

5 ‘- thymine deoxyribonucleotides. It is an enzyme necessary for

DNA synthesis (Graziani et al., 2006). ORF 155 encodes

Nucleoside triphosphate pyrophosphohydrolase, which can cut

off the nucleotide pyrophosphate bond (Gonçalves et al., 2011).

ORF 184 encodes DNA helicase, which is similar to DNA

Enterobacteria phage T3 (Beck et al., 1989).

Most of the genes related to phage packaging are located in

the upper reaches of the vB_PaeM_M1 genome. ORF 86 encodes

protease, which hydrolyzes the protein peptide chain (Kang

et al., 2004). ORF 109 encodes the large TerL subunit, terminal

enzyme and DNA recognition protein, which mediates

packaging of the dsDNA virus copolymer, and requires

interaction of the prohead with the virus DNA (Siehl et al.,

1996). ORF 110 encodes portal protein, which controls the size

of the assembled virus genome and can effectively prevent DNA
Frontiers in Marine Science 05
from escaping from the capsid during assembly (Wang et al.,

2021). By using PhageTerm to determine the end of

vB_PaeM_M1, it was found that the packaging process was

similar to that of bacteriophage T7, and the cos site was found at

the end of the M1 genome (Supplemental Figure S1). Different

virus genes have different origins and vB_PaeM_M1 has a special

phylogenetic state and evolutionary history. It is speculated that

this phage may have originate from the T7 Virus but have

subsequently acquired or lost some genes so that it no longer

clusters with T7 viruses on the phylogenetic tree.

Three lytic-associated ORFs were encoded by the virus

genome. ORF 75 encodes Spore cortex-lytic enzyme. These

enzymes have been implicated in cell wall hydrolysis, most

extensively in Bacillus subtilis (Boland et al., 2000). ORF 77

encodes proteasome. This protein plays a key role in the

maintenance of protein homeostasis by removing misfolded or
FIGURE 2

Genome map of Pseudomonas phage vB_PaeM_M1. Putative functional categories were defined according to annotation and are represented
by different colors. The length of each arrow represents the length of each gene.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1076885
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ren et al. 10.3389/fmars.2022.1076885
damaged proteins, which can impair cellular functions, and by

removing proteins whose functions are no longer required

(Estrin et al., 2013). ORF 140 encodes lysozymes, which are

1,4-b-N-acetylmuramidases, that cleave glycosidic bonds,

leading to the rupture of the cell wall with subsequent escape

of the cell contents (Swaminathan et al., 2011).

The structure related genes are mainly located in the middle

reaches of the vB_PaeM_M1 genome. ORF 114 encodes the

main capsid protein (MCP), which is used to synthesize the

protein shell of the virus encapsulating its genetic material

(Katsura, 1989). ORFs 113, 115 and 117 encode the head

decoration protein, head fiber protein and head completion

protein respectively, which play important roles in the

formation of the phage head structure (Tao et al., 1998; Yang

et al., 2000). ORF 128, 129 and 135 encode the baseplate protein.

This protein forms the central substrate hub of the phage and is

considered to be related to horizontal gene transfer (Gloor and

Chaconas, 1988; Haggård-Ljungquist et al., 1995; Christie and

Calendar, 2016). ORFs 133 and 134 encode the baseplate wedge

protein, which constitute a multi protein tubular organ that

adheres to and penetrates the host cell membrane. It is a part of

the conservative wedge in the bottom plate. It is the core of

sheath polymerization and plays a key role in sheath assembly

and contraction (Taylor et al., 2016). ORF 121, 122 and 123 are

similar to ORF 10 of the Pseudomonas phage and are identified

as a structure related gene with unknown function (Uchiyama

et al., 2009).

The AMGs are phage encoded and host derived metabolic

genes thought to be involved in regulating host metabolism to

increase viral replication (Zimmerman et al., 2020). Two AMGs

were predicted in the vB_PaeM_M1 genome, i.e. ORF 87

(Phosphate starvation-inducible protein) and ORF 112 (Signal

peptide peptidase). ORF 87 encodes a PhoH-ike protein, which is

found in Escherichia coli and belongs to the phosphate (Pho)

regulator gene. E. coli responds to phosphate restriction by

activating the transcription of this gene. Its products are involved

in the use and transportation of various forms of combined

phosphate or free phosphate. Among them, PhoH has two

promoters, one can be induced by phosphate restriction and the

other by constructive restriction. This gene has a putative nucleotide

binding motif and the purified Pho protein has an ATP binding

activity (Kim et al., 1993). ORF 112 encodes the signal peptide

peptidase A (SppA). SppA is a membrane-bound enzyme that uses a

serine/lysine catalyzed two-dimensional enzymatic mechanism to

cleave residual signal peptides within the cell membrane (Nam and

Paetzel, 2013).
Phylogeny and comparative genomic
analysis of vB_PaeM_M1

In order to study the phylogenetic relationships between

vB_PaeM_M1 and other isolated phages, a circular proteome
Frontiers in Marine Science 06
tree was constructed using VipTree based on the whole-genome

amino acid sequences of vB_PaeM_M1 and other reference

phages (Figure 3). Thirty-five viruses with the highest similarity

to vB_PaeM_M1 were selected to construct a rectangular

proteome tree with vB_PaeM_M1 (Figure 4A) (Nishimura et al.,

2017). The results of the phylogenetic analysis show that

vB_PaeM_M1 represents a separate cluster far from the other

isolated phages. To confirm this finding, six complete phage

genome sequences were selected and a comparative genomic

analysis was carried out based on tBLASTx with vB_PaeM_M1

(Figure 4B). Similar to the phylogenetic tree analysis,

vB_PaeM_M1 shows a low similarity to other isolated phages

and forms a new single clade by itself.

Intergenomic comparisons are useful in determining how

viruses are related to each other. In order to further find the

phylogenetic relationship between vB_PaeM_M1 and other

isolated phages, the 35 viruses closest to vB_PaeM_M1 were

selected from the phylogenetic tree for nucleotide-based

intergenomic analysis (Figure 5). The heatmap shows that the

ratio of shared genes between vB_PaeM_M1 and other isolated

phages is very low. When the nucleotide sequence homology of

bacteriophages is greater than 70%, ICTV regards them as

members of the same genus (Bin Jang et al., 2019). All

phylogenetic analyses showed that vB_PaeM_M1 was notably

different from other isolated phages and should therefore be

classified as a representative of an unknown virus family.

Although vB_PaeM_M1 clearly has the characteristics of a new

genus/family, it is difficult to base the characteristics of a new genus/

family on only one phage. In order to further explore the

relationships between vB_PaeM_M1 and other phages, all-vs-all

BLASTp were used to search the Integrated Microbial Genome/

Virus (IMG/VR, v.3) database. It was found that 11 metagenomic-

assembled uncultured viral genomes (UViGs) were similar to

vB_PaeM_M1 (Supplemental Data 1). Comparative genomic

analysis of vB_PaeM_M1 and vB_PaeM_M1-like viruses showed

that metagenomic assembled genome viruses of vB_PaeM_M1-like

viruses contained eight core genes. Most of the homologous ORFs

throughout these phage genomes are located in the packaging

module (portal protein, large subunit terminase and phage DNA

packaging) and structural module (Baseplate protein and Structural

protein). Based on the shared single white cluster (PC) between

genomes, 354 viruses (336 reference sequences of NCBI,

vB_PaeM_M1 and 17 UViGs similar to vB_PaeM_M1) were

clustered by vConTACT 2.0. The classification of the virus

genome is visualized by gephi (Figure 6A) (Bastian et al., 2009).

Using this method, 60 virus clusters were identified in the whole

dataset. vB_PaeM_M1 and 17 phages were grouped as a VC

(VC_61) from the results of the genome-content-based analysis.

To find phylogenetic relationships between gene sequences of

vB_PaeM_M1, 50 phages related to vB_PaeM_M1, based on the

results of vConTACT, were selected to study their shared gene rate.

Based on these results, a heatmap was drawn by orthofinder

(Figure 7A). vB_PaeM_M1 and UViGs contain shared genes and
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FIGURE 3

Viral phylogenetic tree of whole phage vB_PaeM_M1 genomes represented in the circular view. The colored rings represent the host groups
(outer ring) and virus families (inner ring). These trees are calculated by BIONJ according to the genome distance matrix and take the midpoint
as the root.
FIGURE 4

Phylogenetic and comparative genomic analyses of Pseudomonas phage vB_PaeM_M1. (A) Phylogenetic tree of Pseudomonas phage
vB_PaeM_M1 and the 36 closest virus genomes. (B) Genomic comparisons between Pseudomonas phage vB_PaeM_M1 and vB_PaeM_M1-like
viruses. The shading below each genome indicates sequence similarities between the genomes, with different colors representing the levels
of similarity.
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have low association with other viruses, confirming that these

phages (VC_61) might be identified as a new family. In addition,

the whole-genome phylogeny results show that vB_PaeM_M1 and

11 other environmental viral sequences cluster together (shown in

red) and are comparable to identified podovirus genera in ICTV
Frontiers in Marine Science 08
(Figure 6B). The gene map (Figure 7B) shows the core genome of

VC_61, where ORFs 117 and 127 (shown in green) are conserved

genes. ORF 117 is a head tail binding protein, which plays an

important role in the packaging of phages found in Pseudomonas

phage Zigelbrucke. ORF 127 is a baseplate organization protein,
FIGURE 5

Shared gene heat map of vB_PaeM_M1 and vB_PaeM_M1 like virus in rectangular phylogenetic tree. In the right half, color coding allows rapid
visualization of phage genome clustering based on intergenic similarity: the closer the relationship between genomes, the darker the color.
These numbers represent the similarity values of each genome pair. In the left half, the three indicator values of each genome pair are
expressed in order from top to bottom: aligned partial genome 1 (for the genome found in this row), genome length ratio (for two genomes in
this pair), and aligned partial genome 2 (for the genome found in this column). Darker colors emphasize lower values, indicating that there is
only a small number of genome aligned genome pairs (orange to white gradient), or there is a large difference in the length of the two genomes
(black to white gradient). As the distance between phages increases, the aligned genomic fragments are expected to decrease.
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which is a structural protein in phages. It is also a conservative

protein with specificity in VC_61. Using BLASTp to search these

two conserved proteins in the NR database, it was found that no

virus contained both these two proteins at the same time, so the two
Frontiers in Marine Science 09
proteins can be regarded as conserved proteins. In conclusion, all

results confirmed that vB_PaeM_M1 and related UViGs are a novel

unassigned viral family, while vB_PaeM_M1 is the only isolate in

this putative family which is here named Psaeviridae.
FIGURE 6

(A) vB_PaeM_M1, virus from NCBI RefSeq database, and related environmental viral sequences from Integrated Microbial Genomes/Virus (IMG/
VR). Different colors of nodes represent different kinds of viruses. Edges represent similarity scores between genomes. VCs are generated by
vcontact2, and the network is visualized by gephi version 0.9.2. (B) Whole-genome-based phylogenetic tree constructed by vB_PaeM_M1,
metagenomic assembled uncultured viral genomes (UViGs) and isolated viruses. The members in VC_61 are shown in red.
FIGURE 7

(A) Heat map of gene sharing rate between vB_PaeM_M1 and other phages. The sharing rate is displayed by color depth. (B) The gene map of
VC_61. Core genomes are represented by yellow arrows and the conservative protein are represented by green arrows.
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Conclusion

Viruses play a vital role in the control of marine microbial

communities and are responsible for most prokaryote deaths. In

view of the ecological significance of Pseudomonas, the study of its

bacteriophages is still in its infancy. In this study, a novel

Pseudomonas phage, vB_PaeM_M1, with unique genomic

characteristics and phylogenetic position, is described.

vB_PaeM_M1 represents a new viral family of Caudoviricetes,

namely, Psaeviridae. Currently, databases of genes and proteins

are extremely limited and more phages need to be isolated and

identified from different environments. Bacteriophages play an

important role not only in lysing the host, but also in

manipulating the host to participate in the material circulation

and energy flow of the marine environment. The establishment of

Psaeviridae will undoubtedly deepen our understanding of

Pseudomonas phages, enable us to better understand the

physiological characteristics of bacteriophages in different aquatic

environments and their relationship with hosts, and contribute to

the data mining of a large number of metagenomic data sets.
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