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Abstract

The microbiomes in macroalgal holobionts play vital roles in regulating macroalgal growth and ocean carbon cycling. However, the
virospheres in macroalgal holobionts remain largely underexplored, representing a critical knowledge gap. Here we unveil that the
holobiont of kelp (Saccharina japonica) harbors highly specific and unique epiphytic/endophytic viral species, with novelty (99.7%
unknown) surpassing even extreme marine habitats (e.g. deep-sea and hadal zones), indicating that macroalgal virospheres, despite
being closest to us, are among the least understood. These viruses potentially maintain microbiome equilibrium critical for kelp health
via lytic-lysogenic infections and the expression of folate biosynthesis genes. In-situ kelp mesocosm cultivation and metagenomic
mining revealed that kelp holobiont profoundly reshaped surrounding seawater and sediment virus—-prokaryote pairings through
changing surrounding environmental conditions and virus-host migrations. Some kelp epiphytic viruses could even infect sediment
autochthonous bacteria after deposition. Moreover, the presence of ample viral auxiliary metabolic genes for kelp polysaccharide (e.g.
laminarin) degradation underscores the underappreciated viral metabolic influence on macroalgal carbon cycling. This study provides
key insights into understanding the previously overlooked ecological significance of viruses within macroalgal holobionts and the

macroalgae-prokaryotes-virus tripartite relationship.
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Introduction

Marine macroalgae, commonly known as seaweed, are ecolog-
ically and economically vital organisms that form architec-
tural cornerstones of coastal marine ecosystems [1]. With an
impressive fixation of 2.9 Pg C-m~2.y~!, seaweeds drive coastal
primary productivity and contribute significantly to global carbon
sequestration [2]. Currently, seaweed farming is attracting global
attention as a promising way to achieve carbon neutrality [3]. Like
land plants, macroalgae engage in intricate symbiotic relation-
ships with associated microbes, including prokaryotes and viruses
throughout their life cycle [4]. These microorganisms comprise
complex communities living within algal tissues as endophytes,
inhabiting the algal surface as epiphytes [1], or residing in the
immediate surrounding environment (phycosphere) [5]. Collec-
tively they constitute the seaweed holobiont, which is increasingly
recognized to influence host seaweed physiology, growth, stress
tolerance, and defense [6-9]. Accumulating evidence indicates
that seaweed-associated microbial assemblages are composi-
tionally and functionally distinct from the ambient seawater
microbiome [5]. They vary spatio-temporally with changes in

seaweed growth stage, health condition, and abiotic factors
[10, 11]. However, abnormal shifts in seaweed-associated micro-
bial communities often underpin seaweed disease and dete-
rioration [7, 12]. Hence, a delicate equilibrium exists between
macroalgae-associated microbes that dictate host health.
Although the role of host seaweed and abiotic factors in driving
the dynamics of the seaweed-associated microbiota has been
acknowledged [13], the role of viruses, the most abundant biolog-
ical entities in the oceans [14], remains an enigma. Viruses are
the key biotic mortality drivers of virtually all marine life forms
including bacteria and algae [15]. Beyond their conventional role
in cell lysis, they also modulate host metabolisms by expressing
auxiliary metabolic genes (AMGs) and redirecting the host gene
expression, thereby indirectly affecting biogeochemical fluxes
within microbiomes and ecosystems [16, 17]. Hence, viruses may
likely play a pivotal yet overlooked role in shaping the dynamics of
macroalgal holobionts and may regulate macroalgae-microbiota
interactions. Through lytic and lysogenic infections of specific
microbes, viruses may influence seaweed-associated microbial
community dynamics and functions [18]. Additionally, viruses
may also directly infect seaweeds as reported previously [19].
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However, viral ecology in macroalgal ecosystems remains vastly
underexplored compared with prokaryotic communities, repre-
senting a critical knowledge gap.

Modern metagenomic technique serves as a powerful tool to
explore the hidden viral dynamics directly from environmen-
tal samples by enabling the culture-independent reconstruction
of viral genomic information [20]. Previous metagenomic sur-
veys have revealed diverse DNA viruses including endophytic or
endogenous viral elements (EVEs), primarily affiliated with nucle-
ocytoplasmic large DNA viruses (NCLDVs) [19, 21] and prokaryotic
phages associated with the seaweed such as red macroalga Delisea
pulchra and brown alga Ecklonia radiata [22, 23]. Moreover, insights
into free-living viral communities of macroalgae and microalgae
bloom seawater revealed that viruses may modulate the succes-
sion of bacterial communities during and post-bloom phases [18,
24, 25]. Fluctuations in Phycodnaviridae and ssRNA viruses have
also been linked to the collapse of microalgal blooms [26, 27].
However, no study has yet provided an in-depth characterization
of macroalgal virosphere and the factors governing their dynam-
ics. Furthermore, the influence of macroalgae on surrounding
seawater and benthic virioplankton dynamics is also unknown.

In this study, we performed an extensive characterization of the
virosphere associated with the brown macroalga Saccharina japon-
ica (kelp), one of the most important farmed kelp species in the
world [2]. We recovered thousands of unique DNA viral genomes
and characterized their dynamics within the kelp holobiont (as
epiphytic and endophytic viruses) and surrounding kelp phyco-
sphere. By analyzing viral diversity, predicted hosts, lifestyles,
phage-host interactions, and AMGs, we provide new insights into
the structure and putative roles of the kelp virosphere. Further-
more, by monitoring in-situ environmental factors and prokary-
otic community structure, we reveal the key drivers governing
kelp virome dynamics. Additionally, we delineate the influence
of kelp on surrounding seawater viruses through a simulated
kelp cultivation mesocosm experiment, and on benthic viruses
within sediments underlying kelp farming areas. Our findings
provide new insights into understanding viral forces governing
macroalgae microbiomes and the profound shaping effects of the
macroalgae on viral communities and functions in surrounding
seawater and sediments.

Materials and methods

Experimental setup and configuration of the
mesocosm experiment

A 63-h mesocosm experiment was conducted in the Sanggou Bay,
China (37.145° N 122.555° E, Fig. 2A) in July 2021 using four trans-
parent thermoplastic polyurethane enclosures (covered but air-
permeable) with ~565 L of untreated natural seawater. One kelp
frond (S. japonica, ~2 m long, ~1.1 kg wet weight) per enclosure
was suspended in two enclosures (Fig. 2B), whereas remaining
two were controls without kelp. All enclosures were secured
and cultured under in situ conditions for ~63 h. Abiotic factors
including temperature, pH, carbon, nitrogen, phosphorus, and
sulfur concentrations were monitored over the course of the
experiment along with other biotic factors including prokaryotic
and viral abundance (see Supplementary Methods for detailed
descriptions).

Samples collection and preprocessing

At 0 and 63 h, ~55 L seawater was collected per enclosure
and passed through 20 um mesh, to discard large particles.
Kelp fronds were also collected and gently rinsed with 0.2 um

filtered sterile seawater (FSW). Kelp surface mucus samples were
swabbed using sterile cotton swabs. Mucus-cleaned kelp tissues
were rinsed twice with FSW, cut into small pieces using a sterile
blade, flash-frozen in liquid nitrogen, and stored at —80°C until
further analysis.

Biological replicates of undisturbed sediment cores were col-
lected from three bay locations (S3, S9, and S12, Fig. 2A), beneath
the low-density kelp farming area (inner bay), the high-density
kelp farming area (mouth of the bay), and the no kelp farming area
(adjacent outer sea), respectively, using a Kajak Sediment Sampler
(Kc Denmark A/S, Denmark) in June 2020. Cores were sectioned
into 3 cm layers and stored at —80°C until further processing.

DNA extraction and sequencing

For 16S rRNA gene sequencing, 600 ml seawater subsam-
ples were filtered through a 0.2 pum polycarbonate mem-
brane (Millipore, Ireland). Total genomic DNA was extracted
using MagPure Soil DNA LQ Kit (Magan, China) from the
membranes and sediment, Plant DNA Extraction Mini Kit
B (Mabio, China) from kelp tissue, and Advanced Soil DNA
Kit (mCHIP BioTech, China) from kelp mucus. The V3-V4
region of the 16S rRNA gene for kelp and seawater samples
(barcoded primers: 338F: 5’-GTGCCAGCMGCCGCGG-3' and 806R:
5’-GGACTACHVGGGTWTCTAAT-3) and V4 region for sediment
samples (barcoded primers: 515F: 5'-GTGCCAGCMGCCGCGG-3'
and 806R: 5'-GGACTACHVGGGTWTCTAAT-3') were amplified by
Polymerase Chain Reaction (PCR). For metagenomic analysis of
cell-enriched fraction (> 0.22 um), 50 L of seawater was filtered
through 0.2 um pore size hydrophilic polyethersulfone membrane
(Pall Corp., USA). Total genomic DNA from the membranes and
sediment samples was extracted using DNeasy PowerSoil Pro Kit
(QIAGEN, Germany), and from the kelp samples using the kits
previously utilized for amplicon sequencing.

For viromics (virus-enriched fraction, < 0.22 um), 50 L seawater
samples of the above filtrate (< 0.2 um) were concentrated to
~1.5 L final volume by tangential flow filtration (Pellicon® 2
Cassette, Biomax® polyethersulfone 30 kDa). The concentrated
viral particles were collected by iron chloride flocculation [28, 29]
and recovered on 0.8 um polycarbonate membranes (Millipore,
Ireland) by low-pressure filtration (< 15 psi). Total genomic DNA
was extracted using TaKaRa MiniBEST Viral RNA/DNA Extrac-
tion Kit Ver.5.0 (TaKaRa, China) followed by whole viral genome
amplification using the Illustra™ Ready-To-Go GenomiPhi V3
DNA Amplification Kit (GE Healthcare, USA). High-throughput
sequencing of the 16S rRNA gene amplicons and extracted DNA
samples were performed on the Illumina NovaSeq 6000 platform
(Nlumina). See Supplementary Methods for further details.

Metagenome assembly and identification of
virus contigs

Raw reads were quality filtered using the KneadData pipeline
v0.6.1 (https://github.com/biobakery/kneaddata), to remove low-
quality reads (Q<20) and adapters. For viromes, duplicate
reads introduced by DNA amplification were removed using
FastUniq v1.1 [30]. Clean reads were assembled separately using
metaSPAdes v3.13.0 [31] and co-assembled (per sample type)
using Megahit v1.2. 9 [32] to capture low-abundance viruses,
with default parameters. All assembled contigs were merged and
mapped back to reads using Bowtie2 v2.4.2 [33], and unmapped
reads underwent cross-sample assembly with Megahit [32].

Viral contigs were identified from cell-enriched and virus-
enriched, kelp (tissue and surface mucus) and sediment
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metagenomes using VirSorter v2.2.3 (—min-length 5000 —
min-score 0.75 —hallmark-required-on-short, —include-groups
dsDNAphage, NCLDV, RNA, ssDNA, lavidaviridae) [34], VirFinder
v1.1 [35], DeepVirFinder v1.0 [36], CAT v5.1.2 [37], and the
JGI Pipeline (Table S13) [38]. In detail, contigs >5 kb were
piped through VirSorter2, VirFinder, and DeepVirFinder, and
those contigs predicted with VirSorter score>0.75 or VirFinder
score>0.7 (P<.05) or DeepVirFinder score>0.7 (P<.05) were
retained. Among these contigs, those that met one of the following
criteria were considered as viral: (i) VirSorter score>0.9; (ii)
VirFinder score>0.9 and P <.05; (iii) DeepVirFinder score>0.9
and P <.05; (iv) VirSorter score>0.75 AND VirFinder score > 0.7
(P <.05) AND DeepVirFinder score>0.7 (P <.05). The remaining
contigs that did not pass above criteria were imported into CAT
and considered as viral if <40% of the contiglength was annotated
as prokaryotic or eukaryotic (gene length relative to contig length).
Additionally, the contigs that failed to pass through VirSorter2,
VirFinder, and DeepVirFinder were retrieved to identify viral
contigs using the default three filters of the JGI Pipeline. Finally,
all identified viral contigs were merged, and deduplicated using
CD-HIT v4.8.1 (cd-hit-est; —c 0.99) [39]. The nonviral regions were
removed using CheckV v0.7.0 [40]. Viral operational taxonomic
units (vOTUs) were defined by clustering nonredundant contigs
at 95% average nucleotide identity >85% alignment fraction [20]
using the CheckV genome clustering script (https://bitbucket.org/
berkeleylab/checkv). The quality of vOTUs was estimated using
CheckV. Viral binning was conducted via the PHAMB pipeline [41].

For further details on the virus and prokaryotic community
analysis see Supplementary Methods.

Abundance profiles of viruses and prokaryotes in
metagenomes

Relative abundances of viruses and prokaryotes were quantified
as reads per kilobase per million mapped reads (RPKM) metric [42,
43]. In brief, the cleaned reads from each sample were mapped to
viral contigs, vMAGs, and pMAGs using BamM v1.7.3 (https://
github.com/Ecogenomics/BamM) at >95% identity over >75%
coverage. Coverage profiles of vOTUs (“contig” mode) and MAGs
(“genome” mode, including vMAGs and pMAGs) were generated
using CoverM v0.6.1 (https://github.com/wwood/CoverM) with —
min-read-percent-identity-pair 95, —min-read-aligned-percent-
pair 75, —methods rpkm, —proper-pairs-only, and —min-covered-
fraction 75 for (vOTUs), 20 (VMAGS), or 10 (pMAGS) [43-45].

To detect the presence of vOTUsy in publicly available
macroalgal metagenomes, the metagenomes of brown, red, and
green macroalgae (accession no.=PRJEB50838, ENA database)
[46] and kelp viromes (accession no.=SRX3446198-203, NCBI SRA
database) [23] were retrieved and processed as described above.
The presence of a vOTU was inferred at RPKM >0.

Differential abundance of viruses and
prokaryotes in the mesocosm experiment

Differential analysis was employed to identify viruses and
prokaryotes exhibiting significant differences following the 63-
h mesocosm experiment. Raw counts from the DADA2 (ASVs,
see Supplementary Methods) and CoverM (vOTUs, vMAGs, and
PMAGS; with “—methods count”) were used as input into DESeq2
v1.26.0 [47]. The viruses and prokaryotes that were significantly
(adjusted P<.05) enriched (log, fold change >1) or reduced
(logy fold change <1) in kelp mesocosms were retrieved. The
significantly differed sequences in no-kelp mesocosms (control)
were discarded, to account for confounding factors.

Identification of shared vOTUs and vMAGs
between different sample types

Shared vOTUs or vMAGs between different sample types were
determined by transforming relative abundance tables into binary
presence-absence matrices, where a relative abundance of >0 was
used as a threshold to determine the presence of a vOTU or vMAG.
The proportion of shared vOTUs of paired samples was calculated
using the reported equation and code [48].

Shared viral species between different sample types as well
as with the IMG/VR4.0 [49] and NCBI RefSeq Virus (release 210)
databases were determined by clustering vOTUs and vMAGs
using the CheckV genome clustering method provided by CheckV
(https://bitbucket.org/berkeleylab/checkv) as described above.

Shared viral genera (or subfamilies) were determined by con-
structing a gene-sharing network by vConTACT2 (—rel-mode 'Dia-
mond’; —pcs-mode MCL; —vcs-mode ClusterONE), using the pre-
dicted protein sequences of vOTUs and VMAGs with sufficient
genetic information (with a size of >10 kb or completeness of
>90%) [50] as input. The gene-sharing network was visualized in
Gephi v0.9.2 [51] with the Fruchterman Reingold layout.

Virus-host linkage analysis

Three in silico approaches were used to match vOTUs and vMAGs
to pMAGs (Table S5), linking each virus to putative “in-situ” hosts:
(i) CRISPR matching- CRISPR spacers of all pMAGs predicted by
metaCRT [52, 53] were aligned with the vOTUs and vMAGs using
BLASTn to identify the viral protospacers. Hits with >95% identity
and 100% coverage and <1 mismatch were considered as the
putative virus-host pairs [42, 52]. (ii) tRNA matching- tRNA genes
in pMAGs and vOTUs (and vMAGs) were predicted using tRNA-
scan v2.0.7 [54] and compared using BLASTn at 100% cover-
age and identity [52]. (iii) Direct genomic alignment- vOTUs were
directly aligned with pMAGs using BLASTn and matches with
the thresholds of bitscore >50, E-value <1073, identity >70%,
length > 2500 bp, coverage relative to vOTUs >75%, and coverage
relative to pMAG contigs <66.7% were considered the most con-
fident host predictions [52, 55]. This approach was not applied
in matching vMAGs and pMAGs, because of the uncertainty of
sequence order and the presence of gaps in VMAGs.

iPHoP was employed to predict the “ex-situ” hosts of viruses
using the proposed cutoff of confidence score > 90 [56]. Besides,
tRNA sequences in vOTUs and vVMAGs were compared against the
public tRNA sequences that were also predicted by tRNA-scan and
deposited in the GtRNAdDb database (release 19, http://gtrnadb.
ucsc.edu/) as described above.

Due to the lack of current tools for predicting hosts of eukary-
otic viruses (like NCLDVs) [55], we utilized genomic context analy-
sis to tentatively infer the putative relationships between eukary-
otic viruses and hosts, following previous studies [57]. NCLDV
genes were taxonomically annotated by BLASTP alignment (E-
value of le-5, identity of >30%, and query coverage of >50%) to
the NCBI NR database (released December 2021). The top hit was
retained.

Viral functional profiles and identification of
AMGs.

AMGs were identified from vOTUs and vMAGs using DRAM-v
v1.2.0 [58] with default parameters and minor modifications [42,
50, 59]. Viral genes with a confidence score of 1-3 and metabolic
flag (“M”) were selected as the high-confidence AMGs [58]. To be
conservative, those AMGs without specific gene descriptions or
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related to glycosyltransferases, ribosomal proteins, organic nitro-
gen metabolism, and nucleotide metabolism were not considered
[42, 59] as were AMGs near assembly gaps in VMAGs. The func-
tional activity and phylogenetic status of AMGs were bioinformat-
ically verified, see Supplementary Methods for details. Genome
maps and alignments for AMG-carrying vOTUs and vVMAGs were
visualized using Easyfig v2.2.5 [60].

Prophage identification from kelp-associated
prokaryotic genomes

We collected 2584 prokaryotic genomes from a previous study
[46], including those from epiphytic bacteria of red macroalgae
(Gelidium sp. and Grateloupia sp., n=1148), brown macroalgae
(Saccharina sp., n=151), green macroalgae (Ulva sp., n =502),
seawater (n=469), and sediment (n=314). Also, prokaryotic
metagenome-assembled genomes recovered from this study
were included, including those from kelp epiphytic or endo-
phytic bacteria (n=95) and prokaryotes in seawater (n=498)
and sediment (n=257). Prophages were identified from these
genomes using geNomad v1.7.0 [61] (virus_score > 0.7). Func-
tional annotations (including AMG identification) for these
prophages were performed by VIBRANT v1.2.1 [62] (default
setting).

Statistical analysis

All analyses were performed in R v3.6.3 unless otherwise
stated. The linear regression analysis was performed using
Pearson’s correlation using the ggcorrplot and ggpubr packages.
Pairwise Spearman’s correlation analysis and the Mantel test,
showing the relationships between environmental parameters
and the microbial community were performed using the linkET
v0.0.7 (https://github.com/Hy4m/linkET) package based on
calculated microbial (Bray-Curtis) and environmental (Euclidean)
distances. The correlation between dominant bacterial genera
and environmental factors was evaluated by Spearman’s analysis
using the psych package. Vegan, ape, and amplicon packages
were used to estimate the alpha diversity indexes (Chaol and
Shannon) and perform principal coordinate analysis (PCoA)
and analysis of variance using distance matrices (ADONIS)
analyses. Data visualization and statistical tests were performed
by Chiplot (https://www.chiplot.online/), ImageGP (http://www.
bic.ac.cn/BIC/#/), and R using ANOVA, Tukey’'s multiple com-
parisons tests, T-tests, and non-parametric Wilcoxon rank sum
tests.

Results

Highly unique viruses inhabit kelp and may
contribute to microbial equilibrium in kelp
holobiont and kelp growth

A total of 5570 viral operational taxonomic units (vOTUs, non-
redundant viral contigs >5 kb, labeled as vOTUsg) and 83
non-redundant viral metagenome-assembled genomes (VMAGs,
labeled as vMAGsy) were identified from kelp tissue and kelp
surface mucus metagenomes (Tables S1 and S2; Supplementary
Text). Among these vOTUsy, > 99% of them and >70% of viral
genes were unique compared to the IMG/VR v4.0 and NCBI RefSeq
Virus databases (Fig. 1A). Furthermore, these viruses inhabiting
macroalgae appear to exhibit specificity, as only 2.1%, 0.6%, and
0.1% of all vOTUsy identified here were detected in the public
metagenomes of Saccharina sp. (brown macroalgae), Ulva sp. (green
macroalgae), and Grateloupia sp. (red macroalgae), respectively

[46]. Among 5570 vOTUsy, 3479 were from the kelp tissues and
2091 from surface mucus and were tentatively recognized as
potential endophytic and epiphytic viruses, respectively (Table S1).
Among these, 799 vOTUsy were found to be shared between
the kelp tissues and surface mucus samples (Table S1). In
comparison to epiphytic viruses, endophytic viruses contained a
higher proportion of viral “dark matter” with unknown taxonomy
(94.1% vs 83.9%), lifestyle (i.e. lytic or lysogenic infections, 98.0%
vs 55.9%), and predicted prokaryotic hosts (99.4% vs 78.0%)
(Fig. 1B and C).

Both epiphytic and endophytic viruses inhabiting kelp con-
tained eukaryotic viruses from the Nucleocytoviricota phylum (i.e.
nucleocytoplasmic large DNA viruses, NCLDVs) (Fig. 1B). Based
on genomic context taxonomic analysis, we found two endo-
phytic Phycodnaviridae viruses likely infecting kelp, as they con-
tained multiple Laminariaceae-homologous genes (Table S3). In
contrast, the epiphytic eukaryotic viruses, represented by eight
vOTUsy and one VMAGsy, are predicted to include viruses infect-
ing protistan hosts, like amoeboid protozoa, fungi, as well as
microalgae (Table S4). Furthermore, the majority of taxonomically
assigned epiphytic and endophytic viruses belonged to bacte-
riophage families Myoviridae, Siphoviridae, and Podoviridae of the
Caudovirales order (recently renamed as the class Caudoviricetes),
with a higher proportion in the epiphytic fraction compared to
the endophytic one (Fig. 1B). The predicted hosts for the epiphytic
bacteriophages were mainly epiphytic bacteria or the dominant
bacteria in the phycosphere, including members of the Flavobac-
teriaceae (Algibacter, Tenacibaculum, Polaribacter, Aquimarina), Gran-
ulosicoccaceae (Granulosicoccus), Rhodobacteraceae, and Vibrionaceae
families (Fig. 1C & Supplementary Text). In contrast, fewer pre-
dicted prokaryotic hosts of endophytic phages were primarily
endophytic bacteria (e.g. Enterobacterales bacteria) (Table 56 &
Supplementary Text). At the prokaryotic genus level, the most
commonly predicted viral hosts were Granulosicoccus and Vibrio
bacteria, which represent the dominant seaweed beneficial bac-
teria [9] and opportunistic pathogenic bacteria [6], respectively.
Typically, two phages with high-quality genomes (completeness
>90%, K-S3C66802, and K-k141_1663699) were predicted to infect
Granulosicoccus and Vibrionaceae bacteria, respectively (Table S6).
These two phages were predicted to be lytic (Table S2), indicating
their roles in modulating kelp bacterial communities. Addition-
ally, we found that lysogeny might also be a significant lifestyle for
phages inhabiting kelp, especially for those potentially infecting
core bacterial members of the kelp. For example, predicted phages
of Rhodobacteraceae, Granulosicoccaceae, and Maricaulaceae bacteria
contained more lysogenic proportion (except for the phages with
“uncertain” lifestyle) (Fig. 1D). Moreover, >72% (69 out of 95) of
metagenome-assembled genomes (MAG) assembled from kelp
(PMAGsy) contained prophage regions (Fig. 1E). Concordant with
this, analysis of 1801 pMAGs and draft genomes of macroalgae
epiphytic bacteria retrieved from a recent study [46] revealed
high prophage carriage in macroalgae common core bacteria
groups like Rhodobacteraceae, Maricaulaceae, and Sphingomonadaceae
(Fig. 1E and Table S7). Besides, the brown macroalgae (Saccharina
sp.) harbored a higher proportion of prophage-carrying bacteria
(~64.2%), compared with green macroalgae (Ulva sp., ~56.8%)
and red macroalgae (Gelidium sp. and Grateloupia sp., ~53.1%)
(Table S7). Additionally, nearly 20% of the predicted AMGs iden-
tified from these prophages were related to the metabolism of
cofactors and vitamins, especially folate biosynthesis (Fig. S1),
indicating that these prophages might help their bacterial hosts
to biosynthesize vitamin or related precursors for macroalgae
growth [8].
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Figure 1. Profiles of kelp endophytic and epiphytic viruses. (A) The proportions of unique vOTUsy and viral proteins predicted from kelp endophytic
and epiphytic viral communities (vOTUsy) in comparison to IMG/VR and NCBI Refseq virus databases. (B) Community (phylum and family level) and

lifestyle compositions of kelp endophytic and epiphytic viruses (vOTUsy).

(C) The proportion of kelp endophytic and epiphytic viruses (vOTUsy) with

predicted prokaryotic hosts and their host compositions. (D) Sanky plot showing the lifestyles of kelp endophytic and epiphytic phages (vOTUsy and
VMAGsy) infecting the main bacteria groups dominated in kelp (left). (E) The proportions (indicated by dark color) of prophage-carrying bacterial
genomes (including draft genomes of cultivated bacteria and metagenome-assembled genomes) among different bacteria groups dominated in kelp.
Bacterial genomes were retrieved from this study and a previous study [46].

Kelp altered seawater virioplankton community
with enriched Phycodnaviridae viruses and
bacteriophages

During the 63-hour kelp cultivation mesocosm experiment
(Fig. 2A and B), we observed a substantial increase in virio-
plankton abundance compared with the controls without kelp
(Fig. S2A), indicating that kelp influences surrounding seawater
virioplankton communities. We analyzed virioplankton commu-
nities in seawater samples from two size fractions: cell-enriched
0.22 ~20-pm-size fractions (CFs) and virus-enriched <0.22-um-
size fractions (VFs) at the start and end of the mesocosm
experiment. As a result, 12518 vOTUs (labeled as vOTUssy) and
632 VMAGs (labeled as VMAGsgy,) were identified (Tables S1 and S2;
Supplementary Text). At the end of the experiment, we observed
significant (P=.009) alterations in the assembly of both CF and
VF viral communities in the seawater with kelps from those in
the seawater without kelps, as evidenced by the Bray-Curtis
dissimilarity PCoA and permutational multivariate ADONIS
analysis (Fig. 2D). While comparable alterations in alpha diversity
(Chaol and Shannon) were noticed in control and kelp-inoculated
groups after 63 h (Fig. 2C), such significant dissimilarities in
beta diversity (Fig. 2D) pointed to distinctive viral community
structure in kelp inoculated treatments. In detail, among the
notable fraction of vOTUSsy (9.6%) and VMAGSsy, (2.1%) comprised
of eukaryotic viruses originating from the Nucleocytoviricota
phylum (Fig. 2E), Phycodnaviridae viruses were enriched with
kelps (Fig. 2F), whereas other unclassified Nucleocytoviricota
viruses were diminished (Fig. S3A). Among these, 15.7% (70 out
of 447) of Phycodnaviridae viruses harbored genes homologous to
Laminariaceae, implying their potential to infect kelp (Table S3).

Additionally, bacteriophages (vOTUss, and VMAGsgy,) belonging
to the Uroviricota phylum were largely enriched in seawater
VFs with kelps (Fig. 2H). Among these bacteriophages, temperate
phages were increased substantially in the seawater CFs after
the introduction of kelp and were substantially reduced after 63-
h kelp cultivation, while also largely enriched in seawater VFs
(Fig. 2I), suggesting their potential lytic induction and releasing
of progeny phages from virocells. Moreover, almost all virus-
enriched fractions from seawater exhibited a higher relative
abundance of Microviridae (ssDNA) viruses (Table S1), likely due
to the sequencing biases introduced by multiple displacement
amplification which tend to overrepresent small circular ssDNA
viruses [63].

Differential analysis at the vOTUs (species) level revealed
substantial impacts of kelp cultivation on virioplankton com-
munities, as evidenced by the higher number of affected
vOTUs in kelp mesocosms compared to controls (Fig. S3B).
Upon excluding vOTUs with the same significant variations in
controls, 1748 and 1040 vOTUs were found to be significantly
enriched and reduced in kelp mesocosms (Table S8), respectively,
representing the sensitive viral species in response to kelp
cultivation. Except for the taxonomically unclassified viruses,
these vOTUs primarily belonged to the Caudovirales order (~57.0%,
i.e. bacteriophages) and Nucleocytoviricota phylum (~29.0%,
primarily Phycodnaviridae family) (Fig. S3C). The majority of these
Phycodnaviridae viruses (~81.9%) and bacteriophages (~63.8%)
were significantly enriched in response to kelp cultivation
(Table S8). Among these, 20 significantly enriched Phycodnaviridae
viruses in seawater CFs and/or VFs containing kelps (Fig. 2g)
had the potential to infect kelp. These results indicate that kelp
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Figure 2. Overview of the kelp mesocosm experiment and the changes in virioplankton communities. (A) Map of the Sanggou Bay showing sampling
sites where the mesocosm experiment was performed (pentagram) and the sediment samples were collected (dots). (B) Schematic plot showing the
setup and configuration of the kelp mesocosm experiment. Changes in alpha and beta diversity of virioplankton communities in different fractions,
reflected by (C) Chaol and Shannon indexes and (D) PCoA. In (C), different letters indicate significantly different groups (P < .05, ANOVA, Tukey HSD).
(E) Community compositions (phylum and family level) of virioplankton represented by vOTUsgsyw and vMAGssy. Changes in the relative abundance of
(F) Phycodnaviridae viruses and (G) those potentially infecting kelp. In (F) and (G), «P < .05 indicates significant differences based on the Wilcox test and
DEseq?2 analysis, respectively. Changes in the total relative abundance of (H) Uroviricota phages and (I) temperate phages. Control and kelp-inoculated

groups are denoted as “C” and “T” respectively.

cultivation enriched the potential kelp viruses and bacteriophages
in seawater.

Kelp strengthens virus-prokaryote interaction
through prokaryotic community shifts driven by
environmental changes

Kelp also contributed to the significant elevation in absolute
prokaryotic abundance (Fig. S2A) and significantly promoted
virus-prokaryote interactions (Pearson’s R=0.81; P < .01, Fig. S2B).
Given that viral reproduction relies on susceptible hosts, the
prokaryotic communities, significantly influenced by kelp
cultivation (Supplementary Text), represent a crucial biotic
driver shaping virioplankton communities. We found that the
enrichment of some bacterial taxa was accompanied by the
enrichment of their corresponding viruses in kelp mesocosms,
for instance, Saprospiraceae and Alteromonadaceae bacteria and
their phages (Fig. 3A). Besides, among the significantly enriched
vOTUssy with predicted prokaryotic hosts, ~62.9% (39 out of
62) could potentially infect Flavobacteriaceae (mainly Polaribacter),
Saprospiraceae, and Alteromonadaceae bacteria (Fig. 3B), which
were also significantly enriched in response to kelp cultivation
(Fig. S4H). Among these significantly enriched virus-host pairs,
seven vOTUss, potentially infecting Polaribacter bacterium

(KSW-bin.386.orig) and six vOTUsg, potentially infecting two
Saprospiraceae bacteria (KSW-bin.255.orig and KSW-bin.328.orig)
exhibited a lysogenic lifestyle based on host prediction as
evidenced by their potential historical integration into host
genomes (reflected by their genomic alignment) (Table S6) and
their consistent coexistence with hosts in the seawater CFs
(Fig. 3C). Although these virus-host pairs were both significantly
enriched in the cell-enriched fractions (P < .05, Fig. 3C), Polaribacter
phages appeared in the virus-enriched fractions only after 63-
h kelp cultivation (Table S1), implying their lytic induction
and release of progeny phages as mentioned above. Besides
lysogenic phages, lytic phages were also enriched in response to
kelp cultivation, and nearly one-third of significantly enriched
vOTUsg, were virulent phages (Table S8). Although very few
significantly enriched lytic phages were linked to their potential
in situ prokaryotic hosts, their enrichment was largely attributed
to their host enrichment. Thus, both lytic and lysogenic infection,
alongside host enrichment, appear to drive kelp-associated virus
communities.

In addition to biotic factors, abiotic factors such as environ-
mental changes were also found to affect virioplankton com-
munities in kelp mesocosms. Typically, dissolved organic carbon
(DOC), particulate organic carbon (POC), and dissolved oxygen
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Figure 3. Dynamics of phage-bacterium interactions in the kelp mesocosm experiment. (A) Changes in the relative abundance of bacteria and their
predicted phages among different bacterial families in kelp mesocosms. (B) Sanky plot showing the predicted phage-bacteria associations among the
significantly differentially abundant phages (vOTUs, left) in response to kelp cultivation. The middle and right bars represent the number of pairings
in each bacterial family and genus, respectively. (C) Changes in the relative abundance of a Polaribacter bacterium and two Saprospiracede bacteria and
their predicted phages in cell-enriched fractions. Different letters indicate significantly different groups (P < .05, ANOVA, Tukey HSD). (D) Heatmap
showing the kelp-seawater shared viruses exclusively present in kelp mesocosms. Control and kelp-inoculated groups are denoted as “C” and “T”
respectively. (E) Interaction network of Flavobacteriaceae bacteria (large circles) and phages (small circles) identified from kelp and seawater.

(DO) concentrations changed significantly in kelp mesocosm sea-
water compared to controls without kelps (Table S9 and Fig. S2A).
These environmental changes were significantly correlated with
viral abundance and communities through correlation analysis
and the Mantel test, respectively (Fig. S2C and D). However, when
accounted for the controlling effects of the prokaryotic communi-
ties (partial Mantel test), DO, DOC, and POC showed reduced and
no correlations with VF and CF viral communities, respectively
(Table S10). Distance-based redundancy analysis (db-RDA) further
indicated that DO, DOC, and POC did not directly affect viral com-
munities significantly but explained significant prokaryotic com-
munity variation (57.3%, 27.4%, and 17.7%, respectively; P < .05,
Table S10). Together, these results suggested that DO, DOC, and
POC primarily shape virioplankton communities by modulating
prokaryotic communities in seawater.

Shared viruses and virus-bacteria connections
between kelp and seawater also contribute to the
changes in virioplankton communities

Although distinct (Fig. S5B-E), viral communities in kelp and sea-
water showed some interconnections. Specifically, we identified
34 vOTUs and 6 VMAGs that were simultaneously present in
both kelp and seawater metagenomes (Fig. S6). Among these,

30 viruses were exclusively found in kelp mesocosm seawater
(Fig. 3D), indicating the potential virus migration between kelp
and surrounding seawater. These shared viruses were predom-
inantly kelp epiphytes or present in seawater CFs and mostly
predicted as temperate phages infecting Rhodobacteraceae bacteria
(Fig. 3D), suggesting kelp may introduce epiphytic Rhodobacteraceae
lysogens into surrounding seawater (Fig. 1E). Moreover, two viral
species and 17 viral genera/subfamily were shared between kelp
and seawater metagenomes (Fig. S5C), both suggesting the inter-
connections of viruses in kelp and seawater.

We examined the extent of virus-host interactions and found
viral cross-infections to bacteria between kelp and seawater
environments (Fig. 3E). We observed that 13 kelp epiphytic and 1
endophytic viruses (vOTUsy) were linked to 33 different bacteria in
seawater (pPMAGSsy ), Whereas 23 virioplanktons (22 vOTUsg, and
1 vMAGssy) were linked with 17 different kelp epiphytic bacteria
(PMAGsy) (Table S6). A bacterioplankton (KSW-bin.386.0rig)
belonging to the Polaribacter genus, which was significantly
enriched in response to kelp cultivation, was predicted to be
infected by 16 viruses from seawater (including 7 significantly
enriched vOTUsgy) and 2 viruses from kelp (vOTUsy) (Fig. 3e &
Table S6). Additionally, a kelp epiphytic bacterium (K-bin.22.orig)
belonging to the Ochrovirga genus (Flavobacteriaceae) was predicted
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to be infected by five viruses from kelp (vOTUsy) and four viruses
from seawater (all were significantly enriched vOTUsgy,) (Fig. 3E
and Table S6). Thus, the introduction of kelp epiphytic bacteria
and viruses into the surrounding seawater also likely influences
virioplankton communities.

Kelp farming contributes to the unique viral
communities in the seafloor surface sediments
and the burial of considerable kelp epiphytic
viruses into sediments

In total 21291 vOTUs (labeled as vOTUsg) and 369 vMAGs
(labeled as VMAGsg4) were identified from bulk metagenomes of
sediments at different depths and kelp farming areas (Tables S1
and S2; Supplementary Text). Kelp farming significantly shaped
viral communities in surface sediments of the kelp farming
areas, evidenced by their lower richness and evenness (Fig. 4A),
distinct community composition (Fig. 4B), and high percentage of
unique viruses (Fig. S5E) compared to other sediments. Among
the potential eukaryotic Nucleocytoviricota viruses (~1.1% of
vOTUsgq and ~0.8% of VMAGSs.g), 23 harbored genes homologous
to Laminariaceae (Table S3) and 83 were potential Phycodnaviridae
viruses (Tables S1 and S2), and 21 of them were enriched in
surface sediments of the kelp farming area (Fig. 4C), suggesting
the potential enrichment of viruses infecting kelp because of the
kelp farming. Furthermore, among the potential bacteriophages
with predicted prokaryotic hosts (~9.2% of vOTUsg), those
infecting Gammaproteobacteria (Woeseiaceae, Enterobacteriaceae,
Vibrionaceae, and SAR86) were significantly enriched in the surface
sediments of the kelp farming areas (Fig. 4D).

A substantial portion of viruses was found to be shared
between seawater and sediments (Fig. S5B, C and E), as also
evidenced by the phylogenetic close clustering of seawater
and sediment viruses primarily from NCLDVs and (previously
designated) Caudovirales groups (Fig. S7). Intriguingly, benthic
viruses also displayed connections with kelp-associated viruses.
For instance, PCoA analysis revealed that viral communities
in the surface sediments of the kelp-farming areas were more
similar to viral communities inhabiting kelp than those in non-
farming sediments (Fig. S5D). Phylogenetic analyses indicated
that NCLDVs in kelp primarily clustered with those from
sediments, and many head-tailed phages in kelp were also
grouped with phages from sediments (Fig. S7). Additionally,
the gene-sharing network (Fig. 4E) also illustrated that viruses
in kelp tended to be clustered with viruses in sediments
(forming 23 viral clusters) rather than viruses in seawater
(forming 17 viral clusters, Fig. S5C). Between kelp and sediment
metagenomes, 16 viruses were shared, among which 4 viruses
were also detected in seawater, whereas the other 12 viruses
were exclusively detected in kelp and sediments (Fig. 4F). This
suggests two potential viral transport pathways from kelp: (i)
direct deposition of viruses from kelp into seafloor sediments
or (ii) indirect transport involving release into seawater followed
by subsequent deposition in sediments. Additionally, these kelp-
sediment shared/clustered viruses were all kelp epiphytic viruses,
and these kelp epiphytic viruses transported to sediments may
impact autochthonous bacteria. For instance, a kelp epiphytic
virus (K-k141.992967) was predicted to infect four different
Woeseiaceae (Gammaproteobacteria) bacteria (KSD-bin.131.orig,
KSD-bin.150.0rig, KSD-bin.163.orig, and KSD-bin.193.orig), which
were enriched in the surface sediments of the kelp farming areas
(Fig. 4G) and are considered as autochthonous bacteria in the
global marine sediments [64].

Kelp-associated phages carry laminarinase
genes (AMGs) that may assist host
Flavobacteriaceae in degrading kelp laminarin

A total of 26, 231, and 197 high-confidence viral AMGs were
identified from viral genomes (including vOTUs and vMAGs) of
kelp, seawater, and sediments, respectively (Table S11). All of
these AMGs were verified to be flanked by viral hallmark genes.
Among these, a higher number of viral AMGs were related to the
glycoside hydrolase (GH) family, including 17 GH16 (PF00722.23)
laminarinases (Table S12) from seawater (9), kelp (2), and sedi-
ments (6) viruses. The majority of the viruses that carried these
laminarinase AMGs were enriched in the seawater with kelp
cultivation (at the end of the mesocosm experiment), kelp surface,
and sediments of the kelp farming areas (Fig. S8). Additionally,
these AMGs likely encoded functionally active laminarinases with
promoters and terminators predicted upstream and downstream
of these genes (Fig. 5C). At the amino acid sequence level, the pro-
tein products of 11 out of 17 AMGs contained conserved functional
domains and multiple enzymatically active sites and catalytic
residues characteristic of the laminarinase family (Table S12). In
silico, 13 out of 17 AMGs had high-confidence predicted protein
structures matching laminarinases crystal structure with 100%
confidence and > 90% alignment coverage (Fig. 5B and Table S12).
Moreover, phylogenetic analysis showed that these viral laminar-
inases were primarily clustered with those from Bacteroidetes
(Flavobacteriaceae) (Fig. 5A), indicating that the viruses carrying
these AMGs possibly infected these bacteria and that these AMGs
were likely horizontally transferred from the host genomes during
the viral infection. Besides, the viral laminarinases identified in
this study formed an independent new evolutionary cluster com-
pared to the laminarinases sequences deposited in NCBI (Fig. S9).
This highlights the uniqueness of the laminarinases encoded by
kelp-associated viruses.

Discussion

Similar to terrestrial plants, marine macroalgae harbor unique
prokaryotic communities within their holobionts or phyco-
spheres, significantly influencing the health and resilience of
the host macroalgae [7-9]. Yet, the understanding of macroalgae-
associated viruses, the most abundant microorganisms in the
ocean [4], remains limited. Understanding the dynamics of
associated viruses is crucial for comprehending the microbiome
dynamics and ecological health of both macroalgae and marine
environments.

This study provides an in-depth characterization of viruses
associated with the ecologically and economically important
macroalgae kelp (i.e. Saccharina japonica) widely farmed in Asia
[65]. We wuncovered an extremely diverse viral community
inhabiting kelp as epiphytes and endophytes, encompassing over
five thousand distinct viral species (Table S1). These viruses were
highly unique with >99% of viral species unrelated to previously
known viral species. The uniqueness of these viruses surpassed
even those found in extreme marine habitats such as deep-sea
(with the proportion of unique viral sequences of 30.0-49.2%) [66],
hydrothermal vents (66.4%) [67], cold seeps (70.1%) [42], and hadal
trenches (96.9-97.7%) [52, 59, 68] (Fig. S10). To our knowledge, only
one prior study has explored the DNA virus community inhabiting
kelp, featuring primarily bacteriophages and Phycodnaviridae
viruses (23], which aligns with our findings (Fig. 1B). However,
no viral sequences identified from our study can be detected
from this previously reported kelp virome [23], and very few
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viruses (<2.1%) were shared with other macroalgae metagenomes
[46], suggesting the distinct DNA viral communities among
different macroalgae individuals. Additionally, among the viruses
inhabiting kelp, endophytic viruses exhibited greater novelty
than their epiphytic counterparts (Fig. 1B and C), emphasizing
the underexplored realm of endogenous viral elements (EVEs) in
brown algae. This is particularly intriguing considering that EVEs
have been widely identified in green algae and can influence their
host genomes [69]. In summary, macroalgae, particularly in the
context of endophytic viruses, represent an untapped reservoir
housing an extensive diversity of enigmatic viral elements that
warrant thorough investigation in future studies.

It's logical to assume that kelp endophytic NCLDVs likely target
kelps as their primary eukaryotic hosts. This could be attributed to
the fact that kelp viruses, specifically those of the Phaeovirus genus
within the Phycodnaviridae family, typically undergo a lysogenic
phase in their life cycle [21, 70]. Given the uncertainty surrounding
the lifestyle of these endophytic Phycodnaviridae-like members and
the lack of observable morphological symptoms of infection on
the growing kelp sporophytes, it remains unclear whether these
viruses represent actively infectious agents or inactivated viral
elements. Conversely, kelp epiphytic NCLDVs are more inclined
to infect amoeboid protozoa, fungi, or microalgae. This prefer-
ence may arise from the prevalence of these microorganisms on

the kelp surface [71, 72]. Beyond NCLDVs, bacteriophages were
abundant in kelp virome, mostly because kelp-surfaced biofilms
are hotbeds of bacterial activity. Here, we observed many viru-
lent phages targeting both previously reported kelp opportunistic
pathogenic bacteria, like Pseudoalteromonas, Vibrio, Colwellia, and
others [6, 7, 12], and kelp-beneficial bacteria, like Granulosicoc-
cus sp. (K-bin.9.strict) [9]. The former is like “time bombs” that
can rapidly turn into pathogens following microbiome dysbio-
sis due to unfavorable environmental conditions [7], adversely
impacting kelp growth. The latter, despite their benefit for kelp
growth, may also lead to kelp microbiome dysbiosis following
their unchecked proliferation, negatively affecting kelp health.
Thus, the virulent phages in kelp endophytic/epiphytic viral com-
munities play a crucial role in suppressing excessive bacterial
growth. However, we also found lysogenic infections were more
widespread among brown macroalgae symbiotic bacteria with
>60% carrying prophages, compared to prokaryotes inhabiting
macroalgae-associated seawater and sediments (< 40%, Fig. le),
as well as the global marine prokaryotes (~40%) [73]. This finding
contrasts with the traditional view that lysogeny is primarily
prevalent in oligotrophic environments [17, 73], as kelp surface
habitats are rich in nutrients, oxygen, and microbial activity [1,
71]. We speculate that the prevalence of lysogenic phages in
the macroalgae environment may stem from: (i) the macroalgae
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environment is relatively stable and often dominated by certain
core bacterial taxa as compared with seawater. This may allow the
phages to piggyback certain bacterial taxa as they have access to
these bacterial taxa over longer periods [74]. Uncontrolled lysis
can lead to the complete elimination of susceptible hosts. (ii)
The faster growth rate of certain bacteria like Rhodobacteraceae,
Maricaulaceae, and Sphingomonadaceae (~5 or <5 h of minimum

doubling time, Fig. 1E) may favor lysogeny than lytic lifestyle [73].
Lysogeny benefits the macroalgae symbiotic bacteria through the
exclusion of superinfection [75], protection against phagocyto-
sis by eukaryotes [76], biofilm formation and maintenance [77],
and provision of competitiveness by AMG expressions [16], likely
contributing to their colonization and dominance in macroalgae.
Moreover, we identified many prophage-encoded AMGs for folate
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biosynthesis (Fig. S1), and folate was essential for vitamin By
synthesis of macroalgae [8], ensuring the growth of macroal-
gae. Previously such benefits for algae were solely attributed to
symbiotic bacteria [8], neglecting the potential role of prophages
in vitamin provision for macroalgae growth. Altogether, viruses
inhabiting macroalgae likely maintain a fine-tuned equilibrium
of macroalgae microbiome via lytic and lysogenic infections, sup-
pressing excessive bacterial growth while conferring competitive
advantages and potentially providing benefits for macroalgae
growth by AMG expressions.

Our mesocosm experiment demonstrated that kelp cultivation
had a profound impact on surrounding virioplankton communi-
ties, like increasing viral abundance, shifting viral community
structures, and enriching both Phycodnaviridae viruses and
bacteriophages. Phycodnaviridae viruses were primarily enriched
in the cell-enriched fractions of seawater (Fig. 2G), owing to their
large particle sizes (typically >0.22 um) [78]. Similar enrichment
was also observed in a diatom-dominated phytoplankton bloom
[26]. Reasonably, some of these enriched Phycodnaviridae viruses
might infect kelp which generally harbor latent viruses integrated
into vegetative cells [21, 70]. However, environmental changes
during the mesocosm experiments might have promoted the
release of free virus particles via lysis of kelp reproductive cells
(gametes and zoospores) [79] into the seawater. Additionally,
some enriched Phycodnaviridae viruses might also infect kelp
epiphytic or phycosphere algae, such as Chlorophyta (Micromonas,
Chlamydomonas) or non-kelp Ochrophyta (Ectocarpus) [72, 80]. We
acknowledge that the Phycodnaviridae host prediction remains
challenging given the limited knowledge of these viruses [81].
Additionally, the potential eukaryotic viruses identified from
seawater, as well as those originating from kelp and sediment
in this study, are likely to represent free viruses rather than
integrated within host genomes. This inference was supported by
their close phylogenomic clustering with publicly available giant
virus genomes previously discovered in planktonic communities
of both marine and freshwater environments (Fig. S11). Beyond
DNA viruses, previous studies have reported numerous RNA
viruses infecting kelp [82] or other macroalgae-associated fungi
and microalgae [22, 83]. Thus, macroalgae may also influence
the dynamics of the RNA virus communities, warranting further
investigation.

Although kelp cultivation significantly altered surrounding
environmental conditions like increased DOC, POC, and DO,
through photosynthesis, erosion, fragmentation, and grazing
by herbivory [84-86], these changes predominantly influ-
enced prokaryotic communities, rather than viral communities
(Table S10). Therefore, we speculate that the changes in
virioplankton communities likely stemmed from changes in
prokaryotic hosts, critical for viral replication. For example,
concurrent enrichment of certain bacteria and their phages were
observed in this study (e.g. Flavobacteriaceae, Saprospiraceae, and
Alteromonadaceae bacteria and their phages) and during an Ulva
prolifera green tide (e.g. Synechococcus and Roseobacter bacteria and
their phages) [18]. The proliferation of these host bacteria that
thrive on algal organic matter may fuel a replication surge in
their lytic phages. Additionally, lysogenic viruses also increased
with kelp cultivation potentially due to a change in their infection
strategy from lysogenic to lytic (e.g. Polaribacter phages). Similar
phenomena were also observed during and after phytoplankton
(diatoms and green algae) blooms [24]. Thus, the viral lifestyle
transitions between lysogenic and lytic infections may be indi-
rectly influenced by the macroalgae. Multiple factors, including
nutrients, salinity, aeration, ultraviolet radiation, temperature,

and host density, can affect the viral lysogenic-lytic lifestyle
transition [87]. We propose that the macroalgae cultivation-driven
changes in the environmental factors, especially nutrients and
oxygen enrichment, likely increased prokaryotic host density
and activity, triggering the lysogenic-lytic lifestyle transition
of virioplanktons. This stimulates phage activities and the
production of numerous progeny phage particles, typically
<0.22 pum [17], which subsequently enter the virus-enriched
fractions and increase the viral community diversity therein
(Fig. 2C). During this phage replication and reproduction process,
they also control the growth of dominant bacterial populations,
maintaining prokaryotic community diversity in the macroalgae
surrounding seawater.

Beyond the environmental and prokaryotic composition
changes, the direct exchanges of viruses and virus-host pairs
between kelp and surrounding seawater can also affect the
virioplankton communities. Evidence showed that the shared
viruses and virus-host pairs among the kelp and surrounding
seawater environments were primarily kelp-associated bacteria
(il.e. Flavobacteriaceae and Rhodobacteraceae) and their phages
(Fig. 3D and E). The majority of these shared viruses with
predicted lifestyles were mainly lysogenic and were identified
from seawater cell-enriched fractions, suggesting that the viral
migration between kelp and seawater relies on their prokaryotic
hosts through lysogeny. The wide distribution of lysogens among
the kelp-inhabiting Flavobacteriaceae and Rhodobacteraceae bacteria
(Fig. 1E) suggests that passive transfer of viruses (especially the
prophages in virocells) from kelp surface to the surrounding
seawater may be substantial. However, we cannot confirm the
direction of virus migration (from kelp to seawater or vice versa)
due to the adhesion ability of kelp-associated bacteria to various
surfaces [5, 11, 24].

Even though kelp farming primarily occurs in seawater, it can
also affect the benthic viral communities in underlying sedi-
ments, especially the surface sediments, shaping an endemic
viral community (Fig. 4A and B). The deposited kelp detritus may
likely affect the benthic prokaryotic and eukaryotic communities,
cascading to associated viruses (Supplementary Text). Addition-
ally, benthic viral communities were also affected by the virio-
planktons in the upper ocean, as reflected by the shared viruses
between seawater and sediment samples (Fig. S5), suggesting the
vertical transportation of viruses from seawater to sediments via
the “biological pump”. Similar phenomena have been reported
between seawater and sediments [59, 88], as well as between
surface and deep seawater [66]. Moreover, we discovered that
viruses dissociated from kelp might be directly deposited into
seafloor sediments and even preserved for several decades in
deep layers, based on the shared viral species and clusters (Fig. S5).
We speculate that some giant viruses, like Phycodnaviridae viruses
infecting kelp, may sink intact due to their large size or host
incorporation [21, 70]. Additionally, some bacteriophages or those
integrated into host cells could also descend with kelp debris or
dying kelp tissues. Furthermore, we speculate that these buried
viruses from kelp might not only be trapped or dormant in sed-
iments but also undergo replication and adaptation to benthic
environments. Previous research has shown that some viruses
deposited in sediments from the upper ocean can retain their
ability to infect susceptible hosts in the sediments [89]. Similarly,
we identified a putative kelp epiphytic virus predicted to infect
benthic Woeseiaceae bacteria, which were abundant in surface
sediments of kelp farming areas (Fig. 4G) and widely distributed
in global sediment environments [64]. Although this epiphytic
virus was not detected in sediment metagenomes, we can not
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conclude the possibility that this virus can be transported into
sediments along with kelp tissues and affect the dominant ben-
thic bacteria in sediments. Consequently, kelp farming sculpts
unique benthic viral communities beneath kelp farming areas
that likely feed back on benthic prokaryotic communities. We
must acknowledge that, in natural environments, a more diverse
array of kelp-associated prokaryotes and viruses inhabiting kelp
might be transported into the surrounding seawater or sediments
than those studied here. This is because our study focused solely
on viruses and prokaryotes from kelp blade tissues, whereas
the microbial community compositions of kelp holobionts vary
across various factors, including thallus regions (e.g. holdfast,
stipe, meristem, blade) [10], tissue ages, and geographic locations
of kelps [11].

Auxiliary metabolic genes carried by viruses can redirect
host metabolism to promote replication, indirectly affecting
the local biogeochemical cycling [16]. Even though viral AMGs
related to carbohydrate metabolism (CAZymes) are common
in organic matter-enriched environments [90, 91], their role
In macroalgae systems remains underexplored. Our study
reveals widespread potentially functionally active viral lam-
inarinase AMGs involved in carbohydrate metabolism across
kelp holobionts, kelp-farming seawater, and sediments of kelp-
farming areas (Table S12). Laminarinases (EC 3.2.1.6, GH16) can
degrade laminarin, a major kelp carbon storage and defense
polysaccharide [92]. Although viral laminarinases have been
recorded previously, with 186 laminarinase-like viral AMG protein
sequences in the NCBI database (September 2022) (Fig. S9), the
viral laminarinases identified in this study represented a new
cluster of viral laminarinases encoded by macroalgae-associated
phages (Fig. S9). As laminarin comprises 7-40% of kelp biomass
[92], these AMGs likely persist in macroalgal viromes to assist
host bacteria in utilizing the abundant organic carbon and
promoting viral replication. More critically, by targeting laminarin,
a key molecule in marine carbon cycling, with high annual
production (12 + 8 gigatons per year) and substantial contribution
to carbon export from surface seawater [93], such virus-mediated
polysaccharide hydrolysis (particularly of laminarin) may re-route
substantial organic matter away from higher trophic levels. Viral
metabolic manipulation of host bacteria may thus profoundly,
yet cryptically, influence oceanic carbon export and energy
flows.

In conclusion, our study unveiled a plethora of macroalgae-
inhabiting viruses that contribute to the ecological equilibrium of
macroalgal holobionts through intricate interactions. By shedding
light on this cryptic role of viruses in mediating interactions
between macroalgae and microorganisms, as well as revealing the
shaping effects of kelp on local viral dynamics, this study lays the
groundwork for future investigations into the endemic virosphere
of the global macroalgae ecosystem.
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