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Abstract

Seamounts are hotspots for marine life, but to date, no bacteriophages have been reported. Here, a novel Bacillus podophage
(named as Bacillus phage Gxv1) was isolated from deep-sea seamount sediments of the western Pacific Ocean (~5790 m).
Phage Gxv1 has a hexameric head ~42—53 nm in diameter and a short tail of ~30 nm long, which is a typical feature of the
Podoviridae family. One-step curve analysis showed that Gxv1 is a lytic phage that can initiate host lysis within 3.5 h post-
infection, and has a relatively large burst size. The 21,781-bp genome contains 34 predicted genes, and the G + C content of
phage Gxvl is 39.69%. Whole-genome comparison of phage Gxv1 with known bacteriophages, using BlastN analysis against
the IMG/VR database, revealed that phage Gxv1 is closely related to Bacillus phage phi29 that infects Bacillus subtilis, and
their genome-wide similarity is 93.62%. Phylogenetic analysis based on DNA polymerase showed that phage Gxv1 belongs
to the Salasvirus genus. Multiple genome alignment showed that phage Gxv1 shares a high level of sequence similarity
and common gene order with Bacillus phage phi29. However, some sequences are unique to phage Gxv1, and this region
contains genes encoding DNA packing protein, DNA replication protein, and unknown protein. These sequences exhibit
low sequence similarity to known bacteriophages, highlighting an unknown origin of these sequences. This study will help
improve our understanding of the Salasvirus genus and phage diversity in deep-sea seamounts.
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Introduction

Seamounts are isolated topographic elevations with summit
depths at least 100 m above the seafloor (Hillier and Watts
2007). Seamounts are one of the most ubiquitous landforms
on Earth but are unevenly distributed among ocean basins.
As estimated, more than 100,000 seamounts reach a kilo-
meter or more above the seafloor (Wessel et al. 2010), and
only a few have been studied extensively. Seamounts are
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recognized as unique environments and hotspots of biodiver-
sity and biomass (Morato et al. 2010). However, our knowl-
edge of seamount biodiversity is limited. Previous studies
have mainly investigated the biodiversity of seamount fauna
(Forges et al. 2000; Gollner et al. 2017; Morato et al. 2010),
and studies on seamount microorganisms are limited (Ana
et al. 2012). In particular, there are only two studies that
describe virioplankton abundance and distribution associ-
ated with seamounts, using fluorescent enumeration meth-
ods (Chiang and Quifiones 2007; Zhao et al. 2020). To our
knowledge, no viruses from deep-sea seamounts have been
isolated. Given the importance of viruses in structuring and
regulating host communities and mediating element bio-
geochemical cycles, exploring viral diversity is essential
for understanding the ecological function of seamounts (Jin
et al. 2019; Rohwer and Thurber 2009; Suttle 2005).

The Seamount Endemicity Hypothesis, which is derived
from fauna investigation, states that the geographical iso-
lation, hydrological characteristics, and unique habitats of
seamounts make seamount bio-segregation ecologically and
evolutionarily isolated from other ecological environments
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in the deep sea, thus forming a higher proportion of endemic
species (Koslow et al. 2001). Several studies suggested that
the unique geographical and hydrological characteristics of
seamounts affect patterns of distribution, abundances and
community structure of planktonic microorganisms (Ana
et al. 2012; Zhao et al. 2020). However, a number of studies
suggest that seamounts possess levels of endemism com-
mensurate with other deep-sea ecosystems (Rogers 2019;
Rowden et al. 2010). In this context, isolating and charac-
terizing bacteriophages from deep-sea seamounts may help
elucidate the ongoing considerable debate on seamount
endemicity.

The Salasvirus genus, also called Phi29likevirus, belongs
to the Podoviridae family, and Bacillus phage phi29 is a
characteristic phage of the genus. In addition to phi29,
several other Phi29likevirus have been identified, such as
phages PZA, f15, BS32, B103, M2Y (M2), Nf, and vB_
BveP-Goe6 (Meijer et al. 2001; Schilling et al. 2018). Most
of these phages infect Bacillus subtilis, but often they also
infect other related species. The morphological features of
these phages are similar, and their genomes consist of linear
double-stranded DNA of approximately 20 kb. An interest-
ing characteristic of Phi29-like phages is that they have ter-
minal proteins as primers for DNA replication (Salas 1983).
The DNA polymerase of phage phi29 has unique properties,
such as continuous synthesis and high fidelity. Monomeric
phage phi29 DNA polymerase has a relative molecular mass
of 66 k, and the N terminus is the domain of the exonuclease
(Salas 2007). Multiple displacement amplification (MDA)
using Phi29 DNA polymerase and random primers is the
most widely used method for single-cell whole genome
amplification (WGA); this method is also used for single-
cell transcriptome sequencing, virus detection (Hamidi et al.
2015), and miRNA detection (Chen et al. 2015). As close
relatives, phages belonging to the Salasvirus may serve as
a promising source of novel phi29-like DNA polymerase,
which have possible superior properties and may be impor-
tant in several industries, including precision medicine and
molecular diagnosis.

Results and discussion
Morphology of phage Gxv1

We isolated Bacillus sp. WP4 from Western Pacific M2 sea-
mount sediments (see “Methods”) and found plaques dur-
ing the culture of bacteria. The 16S rRNA analysis showed
that Bacillus sp. WP4 has high homology with Bacillus
velezensis, and the similarity is 99.73%. The phage parti-
cles (named as phage Gxv1) were purified by polyethylene
glycol method. Phage Gxv1 has head—tail morphology that
is typical of Caudovirales, which comprises approximately
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Fig. 1 Morphology of phage Gxvl1 virions. TEM image of negatively
stained Gxv1 virions is shown. Bar scale, 50 nm
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Fig.2 One-step growth curve of phage Gxvl. The latent period and
burst size are indicated with arrows

1% of all known phages (Ackermann 2001). The head of
phage Gxv1 has a hexagonal outline with a flattened top and
is~53 nm wide and 42 nm long (Fig. 1). The tail is ~30 nm
long. Thus, phage Gxvl can be grouped based on its mor-
phology into the Podoviridae family. Phage Gxvl1 is the
most homologous to Bacillus phage phi29 (see the below
section for details) and has highly similar morphology to
phage phi29, which has a hexameric head and top head
that appears flattened in outline. The head of phage phi29
is~31.5 nm wide and 41.5 nm long, and the tail of phage
phi29 is~32.5 nm long (Anderson et al. 1966).

Life cycle of phage Gxv1
To investigate the replication characteristics of phage Gxvl,

we performed one-step growth curve analysis of Gxvl
(Fig. 2). The host cells were infected with purified Gxvl
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virions at a MOI of 0.01 when the host bacteria reached the
logarithmic phase (ODg,,=0.2). Phage Gxv1 began to rep-
licate approximately 3—3.5 h post-infection and reached the
growth plateau at 6.5 h post-infection (Fig. 2). Previous stud-
ies reported that the latent period of phage phi29 is 55 min
and reaches the plateau phase at 120 min post-infection (Ito
et al. 1973). The growth characteristics of phage Gxv1 and
phage phi29 are quite different. Phage Gxvl1 exhibited a
longer latent period and higher burst size than phage phi29.
The burst size of Caudovirales appeared to be highly vari-
able. In addition to differences in the methods used to enu-
merate viral abundance, several factors affected the bacte-
riophage burst size. These factors include the characteristics
of the phage and host, the bacterial and viral size, and the
metabolic status of the host. Previous studies proposed a
correlation between the trophic status of the environment
and the burst size of bacteriophage burst size (Hwang and
Cho 2002; Parada et al. 2006). However, this correlation
needs further verification, as some phages isolated from
eutrophic environments (such as RPP1 and RD-1410Ws-01)

Table 1 Genome features of Bacillus phage Gxv1

have small burst size. Therefore, we should consider these
factors when comparing the burst size of different phages.

Genome analysis

We assembled a 21,781 bp linear dsDNA genome from Illu-
mina high-throughput sequencing (Table 1). To verify the
physical size of the Gxv1 genome, we performed a gel elec-
trophoresis assay. The results indicated that the genome was
complete (data not shown). BlastN analysis against the IMG/
VR database showed that the genome of phage Gxvl has
a high homology with B. subtilis phage phi29 (19,282 bp)
(Pecenkova and Paces 1999) and B. velezensis phage vB_
BveP-Goe6 (19,105 bp) (Schilling et al. 2018), and the
genome-wide similarity is 93.62% and 92.39%, respectively.
The GC contents of phage Gxv1 (39.69%) are comparable
with those of phage phi29 (39.99%) and phage vB_BveP-
Goe6 (39.99%). The tRNAscan-SE program indicated that
the Gxv1 genome has no tRNA sequences. A lack of tRNA
was also found in phage phi29 and phage vB_BveP-Goe6.
tRNA is associated with high genome length, high codon
usage bias, and high virulence (Marc et al. 2007). No puta-
tive CRISPR protospacer was predicted in the Gxv1 genome
by searching against the viral spacer database of IMG/VR

Phage Gxvl (Paez-Espino et al. 2016).
Using GeneMarkS software, we predicted 34 genes
Genome length (bp) 21,781 from the Gxvl genome. The annotation results based
GC content (%) 39.69 on the NCBI database showed that 10 of 34 genes are
Predicted gene number 34 unknown (Fig. 3), which accounts for 29.41% of the total
Predicted gene total length (bp) 19,278 genes. It has been reported that a high proportion of the
Predicted gene average length (bp) 567 predicted genes of bacteriophages do not match with any
Predicted gene density (number/kb) 1.56 other known sequences in the databases (Pedulla et al.
Predicted gene/genome (%) 88.51 2003), particularly the predicted bacteriophage genes from
Amnotated genes (%) 70.59 viromes (Jin et al. 2019). Among the 34 predicted genes,
Pred%Cted (RNA 0 20 genes are transcribed in the left direction, and the 14
Predicted CRISPR protospacer 0 remaining genes are transcribed in the right direction
0kb 21 4 6 kb 8kb 10kb 12kb 141b 16kb 18kb 20kb 22 kb
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Fig.3 Annotated genome map of phage Gxvl. Genes are depicted by
leftward-oriented or rightward-oriented arrows according to the pre-
dicted direction of transcription. Gene annotations (DNA replication,

M Structure

transcriptional regulator, structure, lysis, and unknown) are colored
according to the legend below the figure, and the gene number is
marked above each gene
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(Fig. 3). Similar to other phages, the genome of phage
Gxv1 is tightly arranged, given that 88.51% of the genome
encodes the gene product and that the average gene density
is 1.56 genes per kb.

The Gxvl genome encodes eight genes (g03 to g06,
228, 230, g31, and g34) that are related to DNA repli-
cation. DNA polymerase (g04), DNA polymerase type
B (g05), and primer terminal protein (g06) were identi-
fied in the left arm of the genome. In phage phi29, DNA
polymerase forms a heterodimer with the primer terminal
protein, recognizes the 5'-end replication origins of the
linear genome, and starts DNA replication (Alicia et al.
2012). Therefore, it is likely that the products of g04,
g05, and g06 interact with one another and initiate phage
DNA replication. The protein sequence similarity of DNA
polymerase between Gxv1 and phi29 implies that DNA
polymerase of Gxv1 may also possess strand displacement
DNA synthesis activities with high processivity and fidel-
ity (Blanco et al. 1989). However, the enzymatic charac-
teristics and potential industrial applications of the DNA
polymerase of Gxvl1 should be experimentally evaluated
in the future. An ssDNA-binding protein-encoding gene
(g08) was identified in the Gxv1 genome. A previous study
showed that phage-encoded ssDNA-binding proteins are
essential proteins in the DNA replication of phi29-like
viruses (Gascon et al. 2000).

Two genes encode putative transcriptional regulators
that have a helix—turn—helix DNA-binding motif (g07 and
£10), indicating the possible elaborate regulation of Gxv1
gene expression. For double-stranded DNA phage, the hol-
ing—endolysin system is a typical host lysis mode (Jin et al.
2013; Taehyun et al. 2007). The Gxvl genome contains
both two lytic genes, namely holing-encoding gene (g20)
and endolysin-encoding gene (g21). No lysogeny-related
genes were identified in the Gxv1 genome, indicating that
it cannot follow a lysogeny strategy. Gxv1 harbored three
genes encoding DNA packaging proteins (g22, g24, and
226), which are essential for the cleavage of multimeric
phage DNA and the following translocation of phage DNA
into empty capsids.

Eight structural genes (g12-g19) were identified in the
Gxvl genome. These genes include those encoding head
morphogenesis protein (g12), major capsid protein (g13),
capsid fiber protein (gl4), distal tube protein (g15), upper
collar protein (g16), lower collar protein (g17), pre-neck
appendage protein (g18), and an unknown structural pro-
tein (g19). No obvious capsid fibers were observed in the
TEM image of phage virions (Fig. 1) because they may
be dissociated from the capsid during virion purification.
Previous studies suggested that these fibers may enhance
the attachment of virions onto the host cell wall (Ye and
Rossmann 2011).
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Homology with other phi29-like bacteriophages

Based on the protein sequences of the DNA polymerase g04
and the major capsid protein g13, we built neighbor-joining
phylogenetic trees (Fig. 4). Consistent with the IMG/VR
annotation results, the analysis of the phylogenetic trees
indicated that Gxvl is most homologous with Bacillus
phage phi29 and Bacillus phage vB_BveP-Goe6. Thus, we
selected these two closely related bacteriophages for fur-
ther multiple genome alignment analysis with Gxv1, using
Mauve software (Fig. 5). The results of the genome align-
ment also showed that the genome of Gxvl1 shares a high
level of sequence similarity and common gene order with
Bacillus phage phi29. Most region of the Gxvl genome is
well conserved with phage phi29 (Fig. 5). However, some
genomic regions (g22-g25 and g28-ag30) seem unique
to Gxv1 and have no homologs in public viral databases.
This region contains genes encoding DNA packing protein,
DNA replication protein, and unknown protein, and its ori-
gin remains unclear. The relatively high genomic similarity
between Gxv1 and phi29 indicates that seamount bacterio-
phages may not possess substantial levels of genetic ende-
micity as observed in seamount fauna. We speculate that the
geographical isolation of seamounts may have fewer impacts
on seamount microorganisms than fauna since microorgan-
isms are more prone to migrate across geographical obsta-
cles along with ocean currents and thus have more oppor-
tunities for genetic exchanges. However, Gxvl is the first
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Fig.4 Neighbor-joining phylogenetic trees of phage Gxvl based on
DNA polymerase (a) and major capsid protein (b). The scale bar indi-
cates five nucleotide substitutions per 100 nucleotides. Numbers indi-
cating bootstrap values of 100 trials are shown. The accession num-
bers of DNA polymerase or major capsid protein are shown along
with the species names. The DNA polymerase of Bacillus thuringien-
sis was used as outgroup. DNA polymerase and major capsid protein
from phage Gxv1 were marked in red



Marine Life Science & Technology (2021) 3:13-19

17

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

@1

Bacillus phage Gxv1

11000 12000 13000 14000 15000 16000 17000 18000 19000 20000 21000

1000 2000 3000 4000 5000 6000 7000 8000

9000 /wf)oo
e

<A1 Y

Bacillus phage phi29

11000 12000 13000 14000 15000 16000 17000 18000 19000

|
1000 2000 3000 4000 5000 6000 7000 8000 9000 / 10000

Bacillus phage vB BveP-Goe6

11000 12000 13000 14000 15000 16000 17000 18000 19000

Fig.5 Multiple genomic alignment of phage Gxvl, Bacillus phage phi29, and Bacillus phage vB_BveP-Goe6. The level of sequence similarity
between homologous regions is indicated by a similarity plot, where the height of the plot is proportional to the average nucleotide similarity

reported phage isolated from seamount environments; more
phages from seamount should be isolated and characterized
to support our hypothesis.

Conclusion

We isolated a novel lytic bacteriophage Gxvl, which
is a new member of the genus Salasvirus and the family
Podovirida, from deep-sea seamount sediments. Although
seamounts are considered as hotspots of biodiversity and
biomass, no phages from seamounts have been reported.
Our findings will help improve our understanding of viral
diversity and virus—host interactions in deep-sea seamounts.

Materials and methods
Isolation and purification of phage Gxv1

Bacillus sp. WP4 strain was isolated from deep-sea sea-
mount sediments in the western Pacific Ocean at a depth of
5786 m (17° 10" 17.40" N, 153° 37’ 5.52" E). Phage plaques
were observed during the culture of Bacillus sp. WP4, which
was grown at 28 °C in 2216E solid medium (0.01% ferric
phosphate, 0.1% yeast extract, 0.5% tryptone, 1.5% agar in
seawater, pH 7.6). Gxv1 virions were purified by polyethyl-
ene glycol precipitation methods (Colombet et al. 2008). In
brief, plaques were cultivated for expansion in liquid 2216
medium. The phage-containing supernatant was collected
after the culture was centrifuged at 15,000g and 4 °C for
15 min. Polyethylene glycol 8000 was added at a final con-
centration of 10% (w/v) and incubated at 4 °C for more than
12 h. The precipitated phages were collected by centrifuga-
tion at 15,000g for 30 min at 4 °C and resuspended in SM
buffer (100 mmol/L NaCl, 8 mmol/L MgSO,, 50 mmol/L

Tris—HCI at pH 7.5). The resulting phage concentrate was
filtered through a 0.22-pm filter and subjected to morpho-
logic observation and DNA extraction.

Transmission electron microscopy

One drop (30 pl) of purified Gxv1 virions was adsorbed onto
a 200-mesh carbon-coated copper grid. After staining with
1% phosphotungstic acid for 1 min, the samples were exam-
ined at 80 kV with JEOL JEM2100F TEM (JEOL, Tokyo,
Japan).

One-step growth curve

One-step growth curve analysis was conducted to charac-
terize the infectivity and replication ability of Gxv1. Gxvl
was mixed with exponentially growing Bacillus sp. WP4
with a multiplicity of infection (MOI) of 0.01 and incubated
at 25 °C in the dark for 30 min. The cells were pelleted by
centrifugation, re-suspended in 2216E medium, and diluted
with fresh medium for 100 times to avoid possible secondary
infection. The cells were cultured at 25 °C with continu-
ous shaking. The samples were collected at different time
points between 0 and 8 h post-infection. Viral abundance
was quantified using double-agar overlay plaque assay. After
the latent period, Gxv1 underwent a single-phage burst.
Burst size, which indicates the average number of virions
released per infected host cell, was calculated as the ratio
between the number of plaque-forming units after and before
the phage burst.

Phage DNA extraction
Prior to phage DNA extraction, the purified phage parti-

cles were treated with DNase I (Sangon Biotech, China)
at 37 °C for 2 h to remove external-free DNA fragments.
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The phage particles were lysed with a combination of
proteinase K (30 mg/ml, final concentration), SDS (1%
wlv, final concentration), and EDTA (5 pmol/L) at 55 °C
for 3 h. The lysate was then mixed with an equal vol-
ume of phenol/chloroform/isoamyl alcohol (25:24:1). The
supernatant was collected by centrifugation at 15,000g for
5 min, sequentially purified by adding chloroform/isoamyl
alcohol (24:1), and centrifuged at 15,000g for 10 min. The
supernatant was mixed with isoamyl alcohol to precipitate
the DNA. The precipitate was then washed with cold 70%
ethanol twice and then air-dried. The purified DNA was
resuspended in TE buffer (10 mmol/L Tris—HCI, 1 mmol/L
EDTA, pH 8.0) and stored at — 20 °C until further analysis.

Genome sequencing and sequence analyses

Ultrasonic Cell Disruptor (M220, Covaris) was used to
cut the DNA sample into fragments of ~400-500 bp. The
fragments were used as template to create a library using
the TruSeq DNA Sample Prep Kit (Illumina, San Diego,
CA, USA). The prepared library was subjected to paired-
end sequencing (2 x 150 bp) on an Illumina HiSeq 4000
platform at Shanghai Majorbio Bio-pharm Biotechnology
Co., Ltd. (Shanghai, China). After quality control, the read
sequences were assembled using SOAP de novo v2.04.
Genes were predicted using the GeneMarkS online server,
and tRNA sequences were searched using the tRNAscan-
SE server. Translated genes were annotated by comparing
with known protein sequences in the NCBI database using
the BLASTP program with a threshold of E value < 107
and identity > 30%. Genome maps were generated based
on the gene prediction and annotation results using Java
Operon. The genome sequence of Gxvl was searched
against the Viral Sequence database of Integrated Micro-
bial Genomes/Virus (IMG/VR) database (E value < 107°)
to identify the homologs of the Gxvl genome (Paez-
Espino et al. 2016). The genome sequence of Gxvl was
searched against the Viral Spacer database of IMG/VR
database (E value < 1075) to identify any putative CRISPR
protospacers within the Gxv1 genome. Phylogenetic analy-
sis of DNA polymerase was conducted based on the neigh-
bour joining method using MEGA version 5.1 with 100
bootstrap replicates. The collinear analysis of the Gxvl
genome with two closely related genomes was performed
using Mauve genome alignment software.
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