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Abstract
Bacteriophages (phages) are ubiquitous elements in nature, but their ecology and role in animals remains little understood.
Sponges represent the oldest known extant animal-microbe symbiosis and are associated with dense and diverse microbial
consortia. Here we investigate the tripartite interaction between phages, bacterial symbionts, and the sponge host. We combined
imaging and bioinformatics to tackle important questions on who the phage hosts are and what the replication mode and spatial
distribution within the animal is. This approach led to the discovery of distinct phage-microbe infection networks in sponge
versus seawater microbiomes. A new correlative in situ imaging approach (‘PhageFISH-CLEM‘) localised phages within
bacterial symbiont cells, but also within phagocytotically active sponge cells. We postulate that the phagocytosis of free virions
by sponge cells modulates phage-bacteria ratios and ultimately controls infection dynamics. Prediction of phage replication
strategies indicated a distinct pattern, where lysogeny dominates the sponge microbiome, likely fostered by sponge host-mediated
virion clearance, while lysis dominates in seawater. Collectively, this work provides new insights into phage ecology within
sponges, highlighting the importance of tripartite animal-phage-bacterium interplay in holobiont functioning. We anticipate that
our imaging approach will be instrumental to further understanding of viral distribution and cellular association in animal hosts.

Introduction

Marine animals are constantly exposed to viruses con-
sidering average titres of 10 million virions per millilitre of
seawater [1]. Yet, viral ecology within animal-associated

microbiota and its impact on animals are still poorly
understood (reviewed in [2–4]). This is staggering con-
sidering the impact of viral lysis in the functioning of whole
marine ecosystems, e.g. via shaping of dissolved organic
matter (DOM) fluxes (viral shunt; [5]) and bacterial diver-
sity (kill-the-winner dynamics; [6, 7]). Sequencing of viral
particles from animals, including humans, provided new
insights into the composition of animal-associated viral
communities (i.e. viromes, [8, 9]). This revealed a trend for
animal species-specific viromes [10, 11], that are indivi-
dually unique and stable over time [12–14].

Bacteriophages (phages) dominate seawater viral commu-
nities, and are estimated to lyse 20–50% of marine surface
bacteria per day [15]. However, while lytic bacteriophages act
as important bacterial killers in the oceans, temperate phages
may integrate into bacterial genomes linking their fates as a
lysogen. Indeed, about half of the marine bacteria encode
phages in their genomic repertoire [16, 17]. Importantly, the
integrated phage then benefits from enhancing the fitness of
its bacterial host as now they multiply together [18, 19].
Therefore, lysogenic conversion mechanisms provide a
selective advantage to phages, significantly extending their
role as bacterial killers to providers of novel beneficial
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functions (reviewed in Howard-Varona et al. [18]). This is
confirmed by exciting examples showing that prophages can
indeed enhance the protection of their bacterial hosts such as
by providing superinfection exclusion [20] or by providing
virulence factors to pathogens (e.g. Shiga toxins; [21])
extending their bacterial host niches.

Research on phage replication strategies in animal hosts is
so far primarily focussed on the guts of humans (20–50%
temperate; [3]), mice (temperate dominance; [22, 23]), and
honey bees (lytic dominance; Bonilla-Rosso et al. [24]). In
animal-associated microbiomes, phages and eukaryote host
cells may interact either directly or indirectly. Direct interac-
tions include e.g. phagocytosis of phage virions by eukaryote
cells, as reviewed in Van Belleghem et al. [4], while indirect
interaction occurs via manipulation of the microbiome by the
phage or eukaryote. In this context, we recently discovered a
novel symbiont phage-encoded protein in sponges (ANKp)
that modulates eukaryote–bacterium interaction by altering
the eukaryotes’ response to bacteria and which seems to be
widespread in eukaryote host associated systems [12]. Fur-
ther, Pseudomonas aeruginosa phage RNA was reported to
subvert the eukaryotic immune response leading to reduced
pathogen clearance [25]. Together, these insights formulate an
emerging paradigm that certain phages can modulate the
eukaryote immune system via tailored effectors. Knowing the
replication strategies of phages inside animals is, therefore, an
important proxy for their effects on the ecology and evolution
of host-associated microbes.

The present study aims to shed light on the lifestyle of
phages within marine sponge holobionts. Marine sponges are
sessile filter feeders that are massively exposed to planktonic
microbes, including viruses, translating to roughly 56 billion
virions filtered by a sponge per day [26, 27]. Despite such
high exposure rates to seawater microorganisms, they contain
highly host species-specific microbial [28, 29] and viral
[12, 30] communities. Sponge microbiology spans all
domains of life including Bacteria, Eukaryotes (e.g. uni-
cellular algae, protists and fungi) and Archaea [31]. Sponge
viromes are dominated by clades of bacteriophages, such as
tailed bacteriophages of the order Caudovirales and tailless
Microviridae [12, 30, 32]. However, since viromes are gen-
erated by physical separation of viruses prior to sequencing,
they lack a potentially critical link to their spatial niche and
the bacteria that they infect. In order to resolve phage ecology
in the sponge holobiont, we deemed it necessary to develop a
new microscopy approach that would complement bioinfor-
matic predictions. Available visualisation methods were
found to be insufficient as electron microscopy does not easily
allow the sequence-based identification of specific viruses and
fluorescence in situ hybridisation of phages [33] lacks the
subcellular context needed to visualise phages in the animal
tissue. In the present study, we report on (i) phage-microbe
infection networks in sponges and seawater, (ii) a new

correlative phageFISH approach allowing the visualisation of
phages in the native animal context, and (iii) phage replication
strategies within sponges. Collectively, our work uncovers
phages as central elements of the microbial ecology within
marine sponges.

Methods

Integrative host prediction

We predicted the bacterial hosts of marine sponge-derived
phages through a combination of prognostic computational
approaches via CRISPR-spacer-, tRNA and genome homol-
ogy, as reviewed in Edwards et al. [34]. We screened
4484 sponge associated viral sequences (≥5 kb, hereafter
‘BCvir’) previously published by Jahn et al. [12] against a
custom database representing sponge-associated microbial
symbionts and planktonic microbes (X2, hereafter). This
database is comprised of microbial sequences from three
Mediterranean sponges (Petrosia ficiformis, Sarcotragus
foetidus, Aplysina aerophoba; [35]), 37 high quality bins from
A. aerophoba [36], and assembled microbial metatran-
scriptomes (Xestospongia muta [37]; Xestospongia
testudinaria; [38]). This set was augmented with 290 Tara
Oceans metagenome-assembled genomes from the Medi-
terranean Sea [39] and all 97,941 bacterial genomes available
in PATRIC (as of June 2017). CRISPR-match. The X2
database was searched for CRISPR spacers using CRISPR-
Detect_2.2 (-array_quality_score_cutoff 3 -q 1, Biswas et al.
[40]). The identified spacers were subsequently matched to
BCvir contigs by BLASTn search (-dust no -gapopen 10
-gapextend 10 -penalty -1 -e-value 1 -word_size 7) as sug-
gested by Biswas et al. [41]. Hits were allowed a maximum of
1 mismatch over full spacer length to increase stringency
against false positive classification [42]. Homology match.
Viral BCvir genomic signatures in microbial genomes, i.e.
lysogens, were identified via a search against the X2 database
through BLASTn. The best hits below an e-value threshold of
10−5 were considered a match when phages aligned with
more than 80% sequence identity over a length between 1 kb
and 50% of the microbial host contig. tRNA match. tRNA
sequences predicted in BCvir contigs using tRNAscan-SE
v.1.23 [43] with default settings and searched against X2
using BLASTn keeping only best hits with at least 95%
sequence identity. All predictions were combined in an
ensemble infection network that was visualised via Cytoscape
v3.6.0 [44].

Phage replication mode

The lytic or lysogenic lifestyle of sponge associated phages
was predicted using a combination of the pre-trained
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supervised random forest classifier implemented in the
Phage Classification Tool Set (PHACTS; [45]), and hits to
prophage marker enzymes (i.e., integrase or excisionase;
PF00589, PF02899, PF13102, PF13356) searching the
pVOG database [46] with HMMER 3.1b2 (hmmscan -E 10-
5) or InterProScan v5.27-66.0 [47].

Sponge sampling and processing

The sponge Aplysina aerophoba was collected for imaging
at Cala d’Aiguafreda, (3°13′39.8′′E, 41°57′51.3′′N; October
2016), Begur, Spain by snorkelling. We randomly sampled
three phenotypically healthy individuals in a radius of 20 m
(see Supplementary Table S1). Sponge tissue dissection,
high-pressure freezing and freeze-substitution were carried
out as described in Jahn et al. [48]. Briefly, we dissected
standardised (2 mm × 200 µm) pinacoderm (=outer layer,
n= 3 per individual) and mesohyl (=inner tissue, n= 3 per
individuum) samples. Samples were then immediately cryo-
immobilised at >20,000 K/s freezing speed and >2100 bar
pressure via high pressure freezing (EM HPM100, Leica
Microsystems GmbH, Wetzlar, Germany). Following
freeze-substitution (AFS2; Leica Microsystems, Wetzlar,
Germany), samples were embedded in LR-White (London
Resin Company Ltd.)

Phage fluorescence in situ hybridisation-correlative
light and electron microscopy (PhageFISH-CLEM)

We modified and extended the ViewHIV approach of Chin
et al. [49] which detects the human immunodeficiency virus
in laboratory cell cultures. The modification was undertaken
to localise virions and integrated prophages of the predicted
bacteriophages in their natural context within cryo-
immobilised and freeze-substituted sponge tissues. The
extension by correlative light and electron microscopy
(CLEM) allowed the localisation of the phage fluorescence
spots within their native structural context. Detailed proto-
cols for PhageFISH-CLEM staining are made available at
the open-access repository of science methods protocols.io
(https://doi.org/10.17504/protocols.io.krdcv26). The stain-
ing approach was established and validated on the test-
system of (1) Curvibacter sp. AEP, encoding a prophage
(2) Curvibacter sp. Hvul, not encoding this prophage, and
(3) the purified phage virion (Supplementary Fig. S1).
Staining with the probes was performed according to the
manufacturer’s instructions (VIEWRNA CELL PLUS
ASSAY kit; Invitrogen, Cat nr. 88-19000-99) with some
modifications. Briefly, reactions were performed on 100 nm
LR-White sections of embedded sponge tissue that were cut
as serial ribbons using a Histo Jumbo Diamond Knife
(Diatome AG, Biel, Switzerland) and deposited on poly-L-
lysine coated glass slides (Polysine slides, Thermo Fisher

Scientific, Waltham, MA, USA). Sections were then
encircled with a hydrophobic barrier pen (Liquid Blocker,
Japan) and air dried for at least 1 h. To extend the protocol
for dsDNA phage targets, we added an initial denaturation
step by incubating the sample with 75% formamide (Sigma)
in 2× SSC for 10 min at 70 °C. The samples were then
dehydrated in an ethanol series of 1 × 70%, 1 × 85% and
2 × 100% for 2 min each. Hybridisation, pre-amplification,
amplification and labelling were performed according to the
manufacturer’s instructions in a humidified chamber placed
in a hybridisation oven (OV5, Biometra, Göttingen,
Germany). The non-target AEP probe and buffer controls
were added as negative controls for each sponge sample.
Additionally, the AEP probe was hybridised to an AEP
pellet to control for the appropriate experimental conditions
to allow sensitive viral detection.

Phage probe design

For each phage of interest, an RNAview probe set consisting
of 30–54 target specific oligonucleotides (Type 1: Alexa
Fluor 546) was obtained from Invitrogen (Supplementary
Data 6). Descriptive regions on the phage genomes that would
allow discrimination against the background of other viruses
and microbes of the communities were identified using per-
missive BLASTn v 2.2.28+ (-e-value 100) against the X2
database. By excluding matched “un-specificity” sites, we
used GenePROBER (http://kronos.icbm.uni-oldenburg.de/
shiny/web-probe-designer/, options GC 40-70; A 25; B 70;
C 95; D 95; E 95; G 93, H 93; I 2; J 2; K 5; L 5; M 40; N 1; O
0.05) to design probes against structural phage genes with low
mutation rates. The established probe sets (see Supplementary
Table S2 for all sequences) are available upon request.

Correlative light and electron microscopy and
alignment

PhageFISH signals were detected using an Axio Observer.Z1
microscope, equipped with AxioCam 506 and Zen 2 version
2.0.0.0 (Carl Zeiss Microscopy GmbH, Göttingen, Germany).
Sponge tissue regions of interest were catalogued with a
zoom-out reference catalogue to facilitate re-observing the
same regions at the electron microscope as follows: acquisition
of region of interest (ROI) using ×63 objective, acquisition of
ROI using 40x objective, acquisition of ROI using ×20
objective, acquisition of ROI using ×10 objective, stitching of
whole section using ×10 objective. Slides were then processed
as detailed in Jahn et al. [48]. Briefly, cover glasses were lifted
without lateral movement using a razor blade, and Mowiol
mountant (Mowiol 40–88, Kuraray Europe GmbH, Tokyo,
Japan) was washed off for 2 × 5min with PBS. The sections
were dried and contrasted in 2.5% uranyl acetate in ethanol for
15min and in 50% Reynolds’ lead citrate [50] in decocted
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ddH2O for 10min. The slides were size-reduced to the region
of the sections using a diamond pen and attached to a scanning
electron microscopy (SEM) pin stub specimen mount. After
coating the sample with a ca. 2.5 nm thick carbon layer to
prevent charging of the sample (CCU-010 coating unit with
CT-010 carbon thread head, Safematic, Switzerland), the
samples were ready for imaging using a field emission scan-
ning electron microscope JSM-7500F (JEOL, Japan) with
LABE detector (imaging of low angle backscattered elec-
trons). Using the zoom-out reference catalogue described
above, regions of fluorescence microscopy were identified at
SEM resolution and were correlated using the eC-CLEM tool
[51] based on DAPI heterochromatin patterns that are visible
in both imaging modalities. Probe signals were quantified with
optimised signal-to-noise threshold (Supplementary Fig. S2)
using the MaximumFinder function in ImageJ v.1.52 [52]. We
note that these estimates are not absolute but rather relative
measures of abundance as stated in Chin et al. [49].

Statistical analyses

We compared the topology of the complete infection net-
work against 10,000 networks containing randomised
labels. Therefore, the test statistic was obtained from the
network using mosaicCore package v0.6.0 and was com-
pared against the distribution of randomisation statistics

(Supplementary Fig. S3). Statistical significance between
tissues and targeted phages in imaging data and between
phage replication strategies was determined using
Kruskal–Wallis tests followed by Dunn’s Post-hoc-Tests
with Benjamini–Hochberg false discovery rate correction.
Throughout, p values < 0.05 were considered statistically
significant. Statistical tests were performed using R version
4.0.0 [53]. Statistical outputs are summarised in Supple-
mentary Tables S3, S4.

Results and discussion

Distinct phage-bacteria infection networks within
marine sponges

Using integrative in silico prediction, we established the first
connections between sponge-associated phages and the bac-
teria they infect. Overall, this approach matched 142 BCvir
(3.2%; 142 of 4484) phage genomic sequences to 154 bac-
terial genomes and 29 metagenomic contigs (full network,
Supplementary Table S5). The predicted phage hosts (Fig. 1)
comprised representatives from cosmopolitan sponge sym-
bionts such as Poribacteria, Cyanobacteria, Chloroflexi and
Flavobacteria [54, 55]. On the other hand, predicted bacter-
ioplankton hosts included Candidatus Puniceispirillum

Synechococcus

BacterioplanktonSponge symbiont

Other symbiont

Other 

Phage
Enrichment

Host
Assignment

Phage
taxonomy

Unaffiliated

Siphoviridae

Podoviridae
Myoviridae

Microviridaem

Predicted
Host

A. aerophoba
A. oroides
C. reniformis
P. ficiformis
Seawater

Homology match
CRISPR spacer
tRNA match

Rhodobacteraceae
Chloroflexi Cyanobacteria

Poribacteria

SBR1093

Flavobacteriaceae

BCvir 1608

BCvir 2160

BCvir 2142

Pelagibacter

Nisaea

Puniceispirillum 

Proteobacteria

Ponticaulis

Fig. 1 Predicted phage–bacteria infection networks. Phage (dia-
mond) assignments to putative bacterial hosts (oval) by combining
signals from CRISPR-spacer-, homology- and tRNA matches against a
custom database of sponge microbial sequences, PATRIC genomes
[81] and 290 Tara Oceans bins from bacterioplankton of the Medi-
terranean Sea (TMED; Tully et al. [39]). Nodes are organised in
groups by niche of the predicted host. ‘Other symbionts’ were isolated
from eukaryote hosts including fish and sea cucumber. Phage

taxonomy was assigned using reticulate classification based on gene
sharing with ViralRefseq entries as performed in Jahn et al. [12]. The
symbiont phages subjected to imaging in the next section are labelled
in blue text. BCvir 2312 and adjacent nodes were excluded from this
representation to aid visualisation. A full network is provided in
Supplementary Fig. S4; the underlying raw data are provided in
Supplementary Table S5.
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(TMED52; Tully et al. [39]) and Synechococcus sp.
(TMED20). The specificity of our predictions was confirmed
by scarce matching to the added genomic background of ~
97,000 genomes representing expected non-target hosts from
other environments (0.03%; 34 of 97,941).

Notably, the majority of phages predicted to infect sponge
symbionts (74 of 76; symbiont phages, hereafter) were also
enriched in sponges (Table 1). In contrast, all seawater-
enriched phages were also assigned to planktonic bacteria
whilst being depleted in sponges (24 of 24; planktophages,
hereafter). This stratification of the infection network to either
sponge or seawater was significant when compared to null
models of independent random assortment (p value ≤ 0.0021;
test statistic ≤−0.1934260 for 10,000 randomisations, see
Supplementary Fig. S3). This differentiation was also reflected
on the level of taxonomic novelty. Viral clusters (VCs) are
groups of viral genomes that share more genes than can be
expected by chance [56]. While most predicted sponge sym-
biont phages belonged to novel VCs [12] that are exclusively
found in sponges (76.1%; 51 of 67; Supplementary Fig. S4a),
most planktophages constituted VCs already described from
seawater (96,8%; 61 of 63). Together, this indicates that the
sponge microbiome provides a unique niche for novel phages
based on their specificity to sponge symbionts. This obser-
vation is consistent with our previous finding that the com-
position of sponge viromes largely mirrors that of the
corresponding sponge-associated microbial consortia [12].

Yet, some exceptions from this theme were noted for
planktophages. First, phages with predicted planktonic
microbial hosts (e.g. Proteobacteria) were enriched in the
sponges Chondrosia and Petrosia (Fig. 1, right). Second, the
majority of planktophages was present in both seawater and
sponges (67.7%; 67 of 99; Table 1, mixed). Chondrosia and
Petrosia both share the same environment and a compact
body plan with a finely branched aquiferous system and small
choanocyte chambers [57]. It is conceivable that the different
sponge morphologies [58] could impact on the sponges’
ability to retain planktophages; while beyond the scope of the
present study, this possibility warrants further investigation.
An alternative explanation could be that bacterial lysis by
phage is induced upon stress encountered when entering the
sponge. Switching of phage replication from lysogenic to lytic

mode is well known to be induced by stress, such as mediated
by chemicals and nutrients [59], leading to the activation of
DNA damage response (SOS response; [60]. The predicted
lysogenic planktophage BCvir 3312 (Supplementary
Fig. S4b), that occurs in sponges would represent a case fitting
to such a scenario. In analogy to the ‘Bacteriophage Adher-
ence to Mucus’ model (BAM; Barr et al. [61]), this might
suggest that phages use sponges as hunting grounds to infect
planktonic microbes that are concentrated within sponges via
filtration activity of the animal. Our phage host prediction rate
of 3.2% (142 of 4484) is similar to the 5% stated by Roux [62]
which is based on the largest viral genome repository (IMG/
VR v.2.0; [63]). Therefore, targeted high throughput screening
strategies, such as viral tagging [64, 65] or proximity ligation
assays [66] will be instrumental to validate and complement
our in silico predictions of phage-microbe pairings in sponges.

The topology of our infection network highlights some
phages that infect multiple bacterial hosts and, similarly, some
bacterial host species that are infected by multiple phages
(Fig. 1, Supplementary Fig. S5). Generally, phage infectivity is
considered to be limited to particular bacterial species or even
particular strains [67]. However, recent evidence indicates that
broad-host-range phages (i.e. polyvalent phages) are more
widespread than previously thought [68, 69]. Whilst such
conclusions in marine ecosystems are mainly drawn from
planktonic environments [69, 70] and corals [71], we add here
in silico evidence suggesting that broad-host range phages may
also be present in sponges, and possibly other filter feeding
invertebrates. These broad-host range phages are known to
foster horizontal gene transfer [72] and likely play a role in the
evolution of sponge associated microbes.

A new imaging approach, ‘PhageFISH-CLEM’ reveals
clearance of phages by sponge cells

Surprisingly, no approach exists to our knowledge to
visualise specific viruses in animal tissues at subcellular
resolution by closing the gap between phageFISH and
electron microscopy. We therefore established a new
microscopy protocol, termed PhageFISH-CLEM (Fig. 2A;
for details see Methods), that allows not only the quantifi-
cation (Fig. 2B), but also the visualisation of virus-cell
associations (Fig. 3) at electron microscopy resolution
within tissues. Initially, the previously established branched
DNA amplification approach [73] was tested in pilot-
experiments using the well characterised Hydra symbiont
lysogen/non-lysogen system Curvibacter sp. AEP/Hvul
[74]. This protocol allowed us to specifically localise both
virions and integrated prophages at single molecule sensi-
tivity (Supplementary Figs. S1, S2). Notably, this approach
covers the whole spectrum single- and double- stranded
DNA and RNA viruses in host tissues, thus being widely
applicable in the field of environmental virology.

Table 1 Environmental partitioning of the phage-host infection
network.

Bacterial source

Phage source Sponge Seawater Other
environment

Other animal

Sponge 74 8 2 10

Plankton 0 24 0 0

Mixed 2 67 33 38
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To further elucidate the phage lifestyle within the sponge
landscape we applied PhageFISH-CLEM on cryo-
immobilised and freeze substituted A. aerophoba sponge tis-
sues. Three phages were selected (BCvir 2142, BCvir 1608,
BCvir 2160) that were both abundant and predicted to infect
cosmopolitan sponge symbionts Poribacteria, SBR1093;
EC214 and Flavobacteria, respectively (Fig. 1, blue, Supple-
mentary Table S2). Probe signals of all three phages could be
identified in the mesohyl interior as well as in the outer
pinacoderm (Fig. 2B, non-target probe comparison; p values ≤
0.0007, z ≥ 3.32, df= 4; details in Supplementary Table S3).
Notably, samples for imaging were obtained from different

timepoints and locations than the samples for sequencing (see
Supplementary Table S1) highlighting that the assayed sym-
biont phages can be stably detected 84 days after virome
sampling. Further, differences in phage signals between BCvir
2142, BCvir 1608 and BCvir 2160 were marginal (KW test:
kw chi squared= 101.5033, df= 4; p value ≥ 0.4437) indi-
cating similar abundances of the assayed symbiont phages in
the sponge tissue. Computer-aided quantification (n= 200
images; screened area 39,788 × 31,922 µm) of phage signals
revealed no clear delineation of phage signal levels between
the outer pinacoderm and inner mesohyl tissue in general
(Kruskal–Wallis (KW) test: p value= 0.6312, chi squared=

Fig. 2 PhageFISH-CLEM allows automated tissue-wide quantifi-
cation of phage signals. A Scheme illustrating Phage-FISH-CLEM.
B Computer-aided image quantification of phage signals reveals
abundances of different phages over tissues (pinacoderm vs. mesohyl).
The graph represents values for n= 41 (pos.control, lysogen pellet), 43
(neg.control, non-lysogen pellet), 36 (BCvir 2160; Flavobacteria

phage), 66 (BCvir 2142; Poribacteria phage), 98 (BCvir 1608;
SBR1093;EC214 phage) measurements of two individuals. Credit:
sponge illustration Kelvinsong/Wikimedia Commons. Related Sup-
plementary Figs. S1, S2 for method validation and Supplementary
Table S3, S4 for statistics.

BCvir 1608 DAPI SEM

BCvir 2160 DAPI SEM

Prokaryote association

A

Eukaryote cell association

BCvir 1608 DAPI SEM

BCvir 2160 DAPI SEM

B

Fig. 3 Correlative light and electron microscopy localises phages to
host ultrastructure. Representative micrographs localise symbiont
phages to A their bacterial symbiont hosts and B the sponge phago-

somes. White boxes indicate the regions that are magnified on the right
and arrows denote positions of phage signal. Scale bars 1 µm. For
correlation statistics and single channels see Supplementary Fig. S6.
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0.23044, df= 1), and when tested for the three phages sepa-
rately (Supplementary Table S4). The detected similar abun-
dances of phages between the outer pinacoderm layer and the
inner sponge mesohyl is consistent with our previous findings
that were obtained by viral community sequencing [12].

We next analysed the association of phages with cells
within the inner mesohyl tissue by high resolution correlated
light and electron microscopy (CLEM). This revealed two
main phage loci (Fig. 3A, B, Supplementary Fig. S6): First,
signals for each of the three assayed phages appeared as single
spots located predominantly within bacterial cells (Fig. 3A),
which is indicative of their lysogenic or pseudo-lysogenic
stages. This lifestyle is further supported by the presence of
integrase genes in BCvir 2160, and by homologies to inte-
grated prophages of symbiont genomes for all three phages
(Fig. 1). Furthermore, morphotypes of targeted prokaryote
cells differed per phage probe, which is consistent with the
different bacterial hosts they were predicted for. Second,
BCvir 1608 and BCvir 2160 signals gravitated towards
sponge cells, while this was not detectable for BCvir 2141.
Correlated electron microscopy of these regions confirmed
their intracellular localisation within phagosomes of sponge
cells (Fig. 3B), which are vesicles containing engulfed parti-
cles. The size of measurable particles within the phagosomes
ranged around 200 nm (average 197.7 nm, ±SD 20.4, n= 5),

indicating that virions rather than lysogens were cleared by
sponge phagocytosis. This is a notable observation which
coincides with the generally low phage particle abundances in
the extracellular host matrix reported here (Fig. 3B, C) and
elsewhere [75]. Therefore, we postulate that the sponge cell
phagocytosis reduces the amount of free phage virions in the
sponge matrix, which may critically modulate the infection
dynamics between phages and their bacterial symbiont hosts.

Symbiont phage lysogeny dominates the sponge
matrix

We hypothesised that host mediated virion clearance would
favour lysogenic replication as discussed for phages in
harsh extracellular conditions [19, 76]. To test this
hypothesis, we screened BCvir phages for temperate phage
markers (i.e. integrases, excisionases) and supplemented
this approach with Random-Forrest based predictions
(Fig. 4A, Methods). Interestingly, based on a fraction of
9.6% of BCvir phages with replication mode predictions
(Fig. 4A), lysogenic replication seems indeed to be the
more prevalent replication mode among sponge symbiont
phages. This is indicated by a 1.7 (239/138) times higher
prevalence of temperate phage contigs (Fig. 4B), along
with a significantly higher relative abundance (KW test:
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p value= 0.01007, chi squared= 6.6223, df= 1) as com-
pared to predicted lytic phages (Fig. 4C).

To apply a more comprehensive analysis, we then
compared relative abundances of temperate to lytic ratios
(T:L ratio) in seawater phages and symbiont phages
(Fig. 4D). Lytic strategies dominated in seawater phages,
whereas the P. ficiformis and A. oroides associated phages
were enriched for lysogenic phages, while in A. aerophoba
and C. reniformis lytic and temperate phages appeared in
equal proportions. When we cleaned the sponge data from
planktophages, a temperate lifestyle became apparent for
phages in all assayed sponge species. We propose three
factors that may favour lysogenic strategies in sponges.
First, lysogeny is favoured under conditions when virion
decay rates are high [19], which agrees with the pronounced
virion phagocytosis by sponge archaeocytes (PhageFISH-
CLEM, previous paragraph). Second, the prevalence of
lysogens would be consistent with the Piggyback-the-
Winner model for systems with high microbial densities
[77], as it is the case for our tested sponge species. Ulti-
mately, widespread lysogeny offers a high genomic poten-
tial to foster bacterial symbiont adaptation via horizontal
transfer of auxiliary genes reported earlier [12].

Notably, the phage sequences used in this study are
derived from purified virus-like particles. Therefore, since
great care was taken to minimise sampling derived stress
induction by instant freezing in the field (Methods), we are
confident that lytic events triggered by temperate phages are
widespread in all sponge individuals under native condi-
tions. Lysis of specific bacterial symbionts can favour sur-
viving bacterial competitors [18, 74, 78]. Via kill-the-
winner dynamics [6, 79] this might facilitate the excessive
diversity known from sponge microbiomes [55, 80]. Similar
mechanisms might impact the physiology within holobionts
representing exciting routes for further research.

Conclusions

We resolve the ecology of phages in the context of the
sponge host and its bacterial symbionts. We report on two

main findings: (i) Sponges maintain surprisingly confined
and specific phage-bacteria infection networks, despite the
constant exposure to planktophages. While our predic-
tions, including the discovery of cosmopolitan sponge
symbionts, are likely to underestimate the true complexity
of these phage-host pairings, this data provides an
important baseline for future studies on the regulatory role
of phages in the holobiont. (ii) Based on our new
PhageFISH-CLEM imaging approach, we observed virion
phagocytosis by sponge cells, indicating that the sponge
host modulates phage-bacteria ratios. This behaviour
ultimately favours lysogenic phage replication in sponges
(Fig. 5). Collectively, our findings unravel an adapted
phage lifestyle in sponges and underline the importance of
tripartite animal–bacteria–phage interplay in holobiont
function.
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