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Summary

Deep-sea hydrothermal vents harbour diverse and
abundant animals and their symbiotic microorgan-
isms, which together comprise holobionts. The inter-
play between bacterial members of holobionts and
their viruses (phages) is important for maintaining
these symbiotic systems; however, phage-bacterium
interactions in deep-sea vent holobionts are not well
understood. Marine sponges serve as good models
for such studies and are used to unveil phage-
bacterium interplay via metagenomic analysis. In
three demosponges from deep-sea hydrothermal
vent fields in the southern Okinawa Trough, the
genomes of a diverse array of symbiotic bacteria,
including 10 bacterial phyla, were found to lack intact
prophages. Genes related to diverse anti-viral
defence systems, for example, the restriction—
modification and toxin—antitoxin systems, were
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abundant in the bacterial communities. We also
detected phage genes that could complement or
compensate host bacterial metabolism, indicating
beneficial roles of phage infection. Our findings pro-
vide insight into phage—bacterium interplay in spon-
ges from deep-sea hydrothermal vents.

Introduction

Since 1977, hundreds of deep-sea hydrothermal vent
ecosystems have been discovered (Corliss et al., 1979).
These ecosystems are unique and extreme among
marine environments (Staudigel, 2003; He et al., 2017).
Studies of these habitats have revealed diverse
organisms, including symbiotic animals, bacteria/archaea
and viruses, which constitute holobionts (Fujiwara
et al., 2000; Kuwahara et al., 2007; Anantharaman
et al., 2014; Ikuta et al., 2016) and yielded new views on
biology and ecology (Dick, 2019). Symbioses of animals
and chemolithoautotrophic bacteria are pervasive
because bacteria can provide a primary energy source
for their animal host and thereby give rise to a bloom of
vent fauna (Dick, 2019). For instance, a symbiosis
of chemolithoautotrophic y-proteobacteria and tubeworms
enables this invertebrate holobiont to thrive in vent fields
(Halanych, 2005). Viruses, including bacterial phages,
also contribute to holobionts, where they are often found
in abundance (5.8 x 107 to 4.5 x 10° particles per gram)
(Yoshida-Takashima et al., 2012). How this viral abun-
dance influences symbiotic bacteria, and how viruses
interact with bacteria in vent holobionts, have not been
widely examined.

As marine sponge holobionts harbour abundant and
diverse microbes, including bacteria and phages
(Webster and Taylor, 2012; Pascelli et al., 2018), they
have been used as model systems to explore the inter-
play of different organisms (Jahn et al., 2019). Microbial
organisms can make up to 40% of the volume of a
sponge (Taylor et al., 2007; Webster and Taylor, 2012),
where they serve as a food source and are actively
involved in the ecology and biogeochemistry of the sym-
biotic system. For example, in the deep-sea glass
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sponge Lophophysema eversa, bacterial symbionts are
important for the cycling of sulfur, carbon and nitrogen
(Tian et al., 2016). Viruses are also abundant in sponges
(Laffy et al., 2018; Pascelli et al., 2018; Jahn et al., 2019;
Zhou et al., 2019); at least 50 morphotypes and 4484
viral populations have been found in shallow-water spon-
ges (Pascelli et al., 2018; Jahn et al., 2019). Notably,
viruses encoding ankyrins that reduce phagocytosis rates
are thought to promote the survival of bacterial symbionts
by suppressing immune function in the animal host (Jahn
et al., 2019). Furthermore, metagenomic profiling of
deep-sea sponge microbiomes revealed the potential
involvement of sponge-associated SUP05 phages in the
iron—sulfur cluster assembly, suggesting that the viruses
contribute to bacterial symbiont metabolism (Zhou
etal., 2019).

The Okinawa Trough is in the south-eastern East
China Sea between the Eurasian Continent and Ryukyu
Arc. The ecosystems in the vent fields of the Okinawa
Trough are characterized by fauna associated with
sediments (Watanabe and Kojima, 2015), such as the
squat lobster Shinkaia crosnieri and deep-sea mussel
Bathymodiolus spp. (Makabe et al., 2016; Chen
et al., 2017). Unusually, a large sponge population consi
sting mostly of demosponges from the orders Haploscl
erida and Poecilosclerida was recently found at two
closely located and hydrothermally influenced vent sites -
Swan site, Tarama Knoll; and Crane site, Tarama Hill
(Makabe et al., 2016; Chen et al., 2017). In this study, we
performed metagenomic sequencing and individual
genome bins to detect bacterial and viral signals, and
explore phage-bacterium interplay, in three demos
ponges collected from the Swan and Crane sites.

Results and discussion
Microbial diversity and phage—-bacterial connections

Analyses of 16S rRNA genes showed that the tedaniid
sponge from the Crane site (TC) (Fig. S1-A) and
haplosclerid sponge from the Crane site (HC) and Swan
site (HS) harboured diverse microorganisms (Fig. 1).
These microorganisms included 12 phyla of bacteria and
archaea, such as Proteobacteria, Actinobacteria, Bacte-
roidetes and Planctomycetes (Fig. 1A). Proteobacteria
was the most abundant phylum, accounting for 88%—96%
of the total microbial community in each sponge, within
which SUPO5 bacteria showed the highest abundance
(54%—77%) (Fig. S1-B and (Zhou et al., 2019)). Previous
studies revealed that the community composition of
microbial symbionts is typically determined by sponge
species regardless of the habitats (Cleary et al., 2013;
Sacristan-Soriano et al., 2020). In our study, the composi-
tional variation in HC- and HS-associated microbiota

(HC and HS are the same species) was relatively low
compared with that between HC (or HS) and TC, though
HC and TC were from the same site, Crane. HC and HS
shared the phyla of Proteobacteria, Actinobacteria, Bacte-
roidetes, Planctomycetes, Firmicutes, Cyanobacteria,
Tenericutes, Crenarchaeota and Euryarchaeota. In con-
trast, TC lacked the phyla of Actinobacteria, Bacte-
roidetes and Tenericutes but was colonized by
Acidobacteria, Chlamydiae and Thermotogae. Ten bacte-
rial genome bins were obtained from the three vent
demosponges (Table S1). Each bin was given a short
name - such as TC_Bin1_SUP05, HC_Bin1_Evansiales
and HS_Bin1_RS24 (Table S1) - based on the host, bin
number and NCBI/GTDB/SILVA taxonomy.

Taxonomic analysis of the viromes of the vent
demosponges revealed that the viral community was
composed of at least five families, including Siphoviridae,
Podoviridae, Myoviridae, Corticoviridae and Microviridae
(Fig. 1B). The Caudovirales - comprising the Siphov
iridae, Podoviridae and Myoviridae - formed the most
abundant viral group, accounting for 46%—81% of the
viral community of each sponge (Fig. 1B). We generated
191 viral bins of sponge-associated viruses (Tables S2
and S3), of which 28 were predicted to infect bacteria
(nine bacterial bins) (Table S4). Notably, all vent sponges
displayed SUP05—phage connections, suggesting that
the previously reported SUPO5—-phage association in
haplosclerid sponges (Zhou et al., 2019) is conserved in
a wide range of deep-sea vent sponges.

Prophages in vent sponge symbionts

As previous studies suggested that phages tend to inte-
grate their genomes into their bacterial hosts in animal-
associated habitats (Knowles et al., 2016), we searched
for prophages in 12 binned bacterial genomes (10 bins
from this study, two from Zhou et al. (2019)) derived from
the three vent sponges using three identifiers, VirSorter
(Roux et al., 2015), PHASTER (Arndt et al., 2016) and
Prophage Hunter (Song et al., 2019). Unexpectedly,
none of the bacterial bins contained intact prophages or
attachment sites for phage genome insertion (Table 1
and Table S5). The number of contigs with incomplete
prophages was also quite low, ranging from 2 to 11 com-
pared with the thousands of bacterial contigs. Only one
contig coding integrases was found in TC_Bin
3_UBA1609, which was a low-abundance bacterial bin
(average read coverage <50x, number of reads recruited
per kilobase of genome per gigabase of metagenome
=19.6, Table S1) in the dominant bins such as
TC_Bin1_SUPO05 (average read coverage >7000x, reads
recruited per kilobase of genome per gigabase of
metagenome =4141.5, Table S1). In addition, in the
unbinned bacterial metagenomes, only one to three

© 2021 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology Reports, 13, 675-683



100%
M Proteobacteria

98% m Actinobacteria

96% Bacteroidetes

Planctomycetes
94%
™ Firmicutes
92%

m Cyanobacteria

90% M Tenericutes

88% M Crenarchaeota

©
=
7]
4+
o
©
Q
[<]
[]
=
o
=
a

M Euryarchaeota
86%

Proteobacteria

M Acidobacteria
84%
M Chlamydiae

Proteobacteria

82%
? W Thermotogae

80% M Unassigned

HS HC TC

Genomics of sponge-associated bacteria and phages 677

B

100%

W Myoviridae
90%

9
80% m Podoviridae

70%

Siphoviridae
60%

50%
) Unclassified

Caudovirales

40%

M Corticoviridae
30%

20%
® Microviridae

10%

mu igned
| | nassigne

TC

0%

HS HC

Fig. 1. Community structure in three vent sponges.A. Bacterial and archaeal community structure at the phylum level.B. Viral community structure
at the family level. The dominant Caudovirales is outlined in black. HC, haplosclerid sponge from Crane site; HS, haplosclerid sponge from Swan

site; TC, tedaniid sponge from Crane site.

Table 1. Composition of sponge-associated bacterial sequences with complete/incomplete prophages, genes for phage integrases and phage

attachment sites.

No. of contigs with No. of contigs with No. of contigs No. of contigs No. of
complete incomplete with with attachment total
Sample  Bacterial metagenome/bin prophages prophages integrases sites contigs
TC Bacterial metagenome ND 1 ND ND 7826
TC_Bin1_SUP05 ND ND ND ND 230
TC_Bin2_AqgS2 ND ND ND ND 358
TC_Bin3_UBA1609 ND 1 1 ND 50
HC Bacterial metagenome ND 3 ND ND 5896
HC_Bin1_Evansiales ND 2 ND ND 221
HC_Bin2_Endozoicomonadaceae = ND ND ND ND 143
HC_Bin3_UBA1609 ND ND ND ND 50
HC_Bin4_RS24 ND 4 ND ND 218
HC_SUPO05 ND 2 ND ND 161
HS Bacterial metagenome ND 1 ND ND 12 670
HS_Bin1_RS24 ND 1 ND ND 227
HS_Bin2_Shewanella ND ND ND ND 348
HS_Bin3_Endozoicomonadaceae ND ND ND ND 380
HS_SUP05 ND 1 ND ND 192

ND: not detected. HC_SUP05 (NCBI Accession VSKZ00000000.1) and HS_SUPO05 (NCBI Accession VSKZ00000000.1) were retrieved from

Zhou et al. (2019).

contigs with low abundances (average read coverage
<40x) were predicted to contain putative prophage
regions (Table 1 and S5). These sequences were incom-
plete and contained no lysogeny indicators such as
attachment sites (att) and integrases.

The small genome size of sponge symbionts may
explain the low detection of prophages in the
metagenome. Bacteria with genome size larger than
6 Mb have been predicted to have high prophage fre-
quency (77%) (Touchon et al., 2016). The genome sizes
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of our dominant symbiotic bacteria are estimated to be
much less than 6 Mb. For example, SUPO5 bacterial
genomes range from 1.07 to 1.18 Mb (88.89% < com-
pleteness <96%), and Bdellovibrionales was approxi-
mately 1.2 Mb with a completeness of 90%—94%
(Table S1). Generally, symbionts of deep-sea animals
undergo genome reduction and evolve streamlined
genomes (Wolf and Koonin, 2013; Tian et al., 2016; Tian
et al., 2017; Rubin-Blum et al., 2019). According to our
analysis, the dominant symbionts with reduced genomes
(1.37-2.69 Mb) from other deep-sea sponges (Hymed
esmia (Stylopus) methanophila sp. nov., Lop-
hophysema eversa, and Suberites sp.) also lack com-
plete prophages (Table S5). These sponges are
affiliated with different species and inhabit different loca-
tions and water depths (Table S5), suggesting that the
lack of intact prophages is widespread in deep-sea
sponges.
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Diverse antiviral defence systems in symbiotic bacteria

To reveal the antiviral defences of vent sponge bacterial
communities, we examined bacterial sequences by query-
ing predicted genes against the restriction enzyme data-
base REBASE (Roberts et al., 2015) with BLASTp and the
PFAM database (El-Gebali et al., 2019) using HMMScan.
We found 813-1538 genes associated with 17 antiviral
defence systems in the three bacterial communities (-
Tables S6-S11). The restriction—-modification system (RM),
bacteriophage exclusion system, DNA phosphorothioation
defence, and defence island system associated with
restriction—modification (DISARM) of innate immunity are
predominant in the bacterial immune systems (290-605
genes accounting for 36%—42% of total defence genes)
(Fig. 2A). In contrast, only 19—47 genes were discovered
participating in the CRISPR-Cas system. In the defence
related to dormancy induction or programmed cell death,
toxin—antitoxin (TA)-related genes were abundant (75-202
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Fig. 2. Defence systems of bacterial communities in three vent sponges.A. Number of defence system genes in sponges TC, HC and HS.
B. Number of defensive genes in each bacterial bin. C represents a complete set of genes for a defence system. HC, haplosclerid sponge from
Crane site; HS, haplosclerid sponge from Swan site; TC, tedaniid sponge from Crane site.
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genes) compared to abortive infection genes. Genes
related to the Zorya, Gabija, Septu, Hachiman, Thoeris,
Lamassu, Wadjet, Druantia, Shedu and Kiwa defence sys-
tems also formed a relatively large proportion (125-221
genes). Furthermore, the recognition sites of restriction
enzymes and CRISPR spacers were compared to phage
sequences from three sponges. All restriction enzymes
recognize sites in phage sequences (Tables S6, S8 and
S10). In contrast, only two (k141_66712 from HC and
k141_75926 from HS) of 73 contigs (with 433 spacers,
Table S12) contained 15 spacers that matched the phage

sequences in our study.
All binned bacteria shared the Zorya, Hachiman, Lam-

assu, DISARM and Gabija systems, among which the
complete Gabija and/or Zorya systems were displayed by
six bins (Fig. 2B). RM, TA and Septu were found in most
bins, 10 of which had a complete set of genes for one or
two systems (Fig. 2B). In accordance with the small num-
ber of genes encoding Cas enzymes, sequences having
putative CRISPR spacers were detected in only seven
bacterial bins (Table S13), none of which contained
spacers matching the viral sequences obtained in our
study (Table S13). On the contrary, RM recognition
sequence from symbionts such as HC_Bin1_Evansiales
and TC_Bin2_AgS2 were matched to phage sequences
obtained in the present study (Table S14), indicating that
the RM systems were responsive to infection by phages.
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High abundance of SUPO5 bacteria and their phages

Our analysis of microbial composition based on 16S
rRNA genes revealed that SUP05 populations were dom-
inant in the three vent sponges; phage-host prediction
(Table S4) and analysis of phage abundance showed
that SUPO5 phages were among the most abundant
viruses (Fig. 3; Tables S2 and S3). The coexistence of
both abundant SUPO5 and their phages is inconsistent
with the classical ‘Kill-the-Winner’ model (Thingst
ad, 2000) in which lytic infection suppresses blooms of
fast-growing microbes. A similar case for both abundant
SAR11 bacteria and their phages was observed in the
open ocean and explained by their life strategy (Zhao
et al., 2013). In contrast, the coincident high abundance
of SUP05 phages may be explained by the co-infection
of different bacteria, which could increase viral abun-
dance. Indeed, phage Bin9 in sponge HC is predicted to
infect both HC_SUPO05 and HC_Bin4_RS24 (Table S4).

In addition, the SUPO5 bacteria in three vent
demosponges were closely related and had undergone
genome reduction (Fig. S2-1-2). Streamlined genomes
have been suggested to function as competitive traits
(Grote et al., 2012), indicating that the SUP05 are com-
petition strategists. Regardless of their small genomes,
SUPO05 harboured complete sets of sulfur metabolism-
related genes, which may be utilized to oxidize the
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Fig. 3. Relative abundance of phage bins (populations) in three vent sponges. HC, haplosclerid sponge from Crane site; HS, haplosclerid sponge
from Swan site; TC, tedaniid sponge from Crane site. SUPO5 phages are outlined in black.
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abundant reduced sulfur compounds of the vent environ-
ment and produce energy for cellular activity.

Horizontal gene transfer between phages and hosts

In the vent sponges evaluated in this study, viruses were
predicted to harbour transferred genome regions based on
their high sequence similarity and maximum likelihood phy-
logeny (Fig. 4A-C, Fig. S3-1-11) with the regions
encoding 82 protein-coding genes and five tRNA genes
(Table S15). These genes relate to carbohydrate metabo-
lism, amino acid metabolism, metabolism of cofactors and
vitamins, lipid biosynthesis, genetic information processing,
and signalling and cellular processes. Visualization of the
genome structure revealed high similarity between these
phage genes and their hosts (Fig. S3-1-11). For instance,
ygfA, dnaA and dnaG homologues in TC_Bin2_AqS2 and
phage Bin1 have >96% amino acid similarity (Fig. S3-1).
Among the protein-coding sequences, nine were classified
as putative auxiliary metabolic genes, including genes
for the NAD-dependent epimerase/dehydratase family,
phosphoenolpyruvate phosphomutases and the NAD-
binding domain of 6-phosphogluconate dehydrogenases

(Table S15). Based on a maximum likelihood inferred phy-
logeny and comparison of the genome structure, the auxil-
iary metabolic gene galE belonging to the NAD-dependent
epimerase/dehydratase family and a gene encoding the
NAD-binding domain of 6-phosphogluconate dehydroge-
nases were demonstrated to have been transferred
between the y-proteobacteria TC_Bin2_AqS2 and the
phage Bin1 (Fig. 4D-E and Fig. S4). galE encodes UDP-
glucose 4-epimerase, which mediates the conversion of
UDP-galactose and UDP-glucose in galactose metabolism
(Thoden and Holden, 1998). With the gain of galE, the
phage Bin1 could participate in carbohydrate metabolism
and generate energy for replication. In addition, the pres-
ence of tRNAs (tRNA-Thr, tRNA-Ser, tRNA-Met and tRNA-
Asp) in phage sequences indicated a complementation/
compensation of the host translational machinery for
phage reproduction.

Viral complementation/compensation in bacterial
metabolic pathways

Viruses in the sediments and seawater of deep-sea
hydrothermal vent fields have been found to complement
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ribbons at each point. Ribbons outlined in black represent the best BLASTn alignment of sequences. Label names have been shortened, for
example, Bac-Bin1-S36 in (A) represents scaffold_36 of the bacterium TC_Bin1_SUPO05; Phage-Bin52-C55036 represents contig_55036 of the
phage Bin52 in sponge TC.D. Maximum likelihood-based phylogeny of galE homologues in TC_Bin2_AqS2 and TC-associated phage Bin1.
E. Genome structure of contigs containing galE homologues in TC_Bin2_AqS2 and TC associated phage Bin1. Bac-Bin2-S194, scaffold_194 of
the bacterium TC_Bin2_AqS2; Phage-Bin1-C105977, contig_105977 of the phage Bin1. HC, haplosclerid sponge from Crane site; HS,
haplosclerid sponge from Swan site; TC, tedaniid sponge from Crane site. HGT, horizontal gene transfer.
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the metabolic pathways of their hosts and/or compensate
for metabolic deficiencies (Anantharaman et al., 2014;
He et al., 2017). They can participate in metabolisms of
sulfur oxidization, pyrimidine, amino sugar and nucleotide
sugar. In our study, metabolic complementation was indi-
cated based on the shared pathways of phages and their
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hosts, according to a search of the Kyoto Encyclopedia
of Genes and Genomes database (Kanehisa and
Goto, 2000) using BLASTp (Fig. 5A and B). For instance,
TC_Bin1_SUPO05 bacteria and their phages Bin1, Bin3
and Bin52 contained homologues of genes encoding
UDP-glucose 4-epimerases, GDP-L-fucose synthases
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Fig. 5. Kyoto Encyclopedia of Genes and Genomes pathways compensated by phage genes in the tedaniid and haplosclerid vent sponges.
A. Pathway compensation in the tedaniid sponge (TC).B. Pathway compensation in the haplosclerid sponge (HS). HC, haplosclerid sponge from
Crane site; HS, haplosclerid sponge from Swan site; TC, tedaniid sponge from Crane site.
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and GDP mannose 4,6-dehydratases (Fig. S5). Overall,
146 phage genes were involved in 34 metabolic path-
ways of their hosts (Table S16), in which metabolism of
carbohydrates, energy and nucleotides dominated. In
certain pathways, we found that genes possibly absent
from the host were present in their phages, suggesting
that metabolic compensation might occur during infection.
For example, in TC_Bin1_SUPO05, genes for formate-
tetrahydrofolate ligases were not detected, whereas
phages infecting SUPO5 contained genes for these
enzymes (Fig. 5A). Bacterial symbionts are metabolically
important for nutrient cycling in deep-sea sponges (Tian
et al., 2016), as they utilize inorganic materials such as
carbon dioxide from the sponge host to synthesize carbo-
hydrates powered by energy from sulfur and/or methane
oxidization. The presence of numerous phage genes
involved in carbohydrate and energy metabolism indi-
cates that infection contributes to the biogeochemical
cycling in the symbiotic system of deep-sea vent
sponges.

Conclusions

Deep-sea hydrothermal vents are extreme environments
that give rise to unique examples of biology and ecology.
Our metagenomic analyses of demosponge microbiomes
in the deep-sea hydrothermal vent fields of the Okinawa
Trough have unveiled diverse bacteria and phages
involved in unique interactions. Prophages in the
genomes of bacterial symbionts were less detected in
vent sponges. The dominating anti-viral defence systems
of bacterial symbionts may be the restriction-modification,
Zorya, DISARM and toxin—antitoxin systems. SUPO05
bacteria and their phages were both abundant, indicating
the use of competitive traits and defensive strategies
obtained by genetic recombination of SUP05 symbionts.
The transfer between Bacterial genes (including potential
auxiliary genes) and phage genomes suggests that bac-
terial genes can be obtained by phages, thereby benefit
viral infection and improve viral fithess. Additionally,
phage genes may contribute beneficially to bacterial
metabolism, including carbohydrate and energy metabo-
lism, thereby influencing nutrient cycling in these symbi-
otic systems. Collectively, our findings provide a
foundation for comprehensively understanding the roles
of viruses in deep-sea vent sponge holobionts. Further
studies of larger number of samples, viral activity mea-
surement and isolation of symbiotic bacterium-phage cul-
tures are required.
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