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Originality-Significance Statement
The key elements of novelty of this work which places this work within the top 10% of current

research are highlighted hereafter:

e We present the first taxonomic and functional description of viruses associated with marine
sponges and present a meta-analysis of viruses associated with sponges, corals and
seawater to describe variability in community dynamics across different niches of the reef
environment.

e We provide an assessment of viral taxonomic composition and OTU prevalence in host-
associated systems using a novel viral orthologous group-based OTU approach.

e . We show that viruses in reef invertebrates are host-specific and have functional
repertoires that are distinct from viruses in the surrounding seawater. The presence of
auxiliary genes involved in herbicide resistance and specific viral pathogenesis pathways
demonstrate the unique viral adaptations to their specific host microenvironments.

e We show that the abundance of ssDNA viruses in reef invertebrates is comparable to
dsDNA phages, and identify previously unreported members of the ssDNA viruses within

marine invertebrates such as the Bidnaviridae family.
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Summary
Recent metagenomic analyses have revealed a high diversity of viruses in the pelagic ocean and

uncovered clear habitat-specific viral distribution patterns. Conversely, similar insights into the
composition, host-specificity and function of viruses associated with marine organisms have been
limited by challenges associated with sampling and computational analysis. Here we performed
targeted viromic analysis of six coral reef invertebrate species and their surrounding seawater to
deliver taxonomic and functional profiles of viruses associated with reef organisms. Sponges and
corals host species-specific viral assemblages with low sequence identity to known viral genomes.
While core viral genes involved in capsid formation, tail structure and infection mechanisms were
observed across all reef samples, auxiliary genes including those involved in herbicide resistance and
viral pathogenesis pathways such as host immune suppression were differentially enriched in reef
hosts. Utilising a novel OTU based assessment, we also show a prevalence of dsDNA viruses
belonging to the Mimiviridae, Caudovirales and Phycodnaviridae in reef environments and further
highlight the abundance of ssDNA viruses belonging to the Circoviridae, Parvoviridae, Bidnaviridae
and Microviridae in reef invertebrates. These insights into coral reef viruses provide an important
framework for future research into how viruses contribute to the health and evolution of reef

organisms.
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Introduction
Marine invertebrates are at the core of healthy coral reef ecosystems. Scleractinian corals are the

fundamental ecosystem engineers, creating large intricate reefs that support diverse and abundant
marine life, and filter feeders such as sponges process large volumes of seawater, recycle essential
nutrients and play roles in the erosion and stabilization of coral reef structure (Ruetzler, 2004; Bell,
2008). Each individual reef invertebrate hosts a diverse micro-ecosystem comprised of bacteria,
archaea, fungi, protists and viruses (Kushmaro et al., 2001; Bourne et al., 2016; Webster and
Thomas, 2016; Welsh et al., 2016). These microbial communities can be host species-specific and
extremely diverse, with thousands of unique microbial operational taxonomic units (OTUs) known to
occupy some reef species (Thomas et al., 2016). While the complex microbial assemblages of reef
invertebrates can be maintained across spatial, temporal and environmental scales (Taylor et al.,
2013), comparatively little is known about the composition or variability of the associated viral
communities. Similarly, while reef invertebrates are known to rely on their microbial communities
for nitrogen, carbon and sulfur cycling, secondary metabolite production, and uptake and conversion
of dissolved organic matter (Lesser et al., 2007; Taylor et al., 2007; Kimes et al., 2010; Fan et al.,
2012; Ceh et al., 2013), insights into how viruses contribute to holobiont function have been elusive.
The Seed-bank hypothesis, which identified a high-local and low-global diversity of viruses (Breitbart
and Rohwer, 2005) was initially validated by analysis of virome communities from four oceanic
regions (Angly et al., 2006) and was subsequently confirmed by large scale metagenomic analyses of
epipelagic and mesopelagic seawater (Brum et al., 2015; Roux et al., 2016). These analyses identified

that local viral community composition can shift in response to changing environment conditions.

Virus like particles (VLPs) were first observed in sponges by transmission electron microscopy (TEM)
in-1977 (Vacelet and Donadey, 1977) but it was almost 30 years later that microscopy first revealed
virus-like particles in the corals Pavona danai (Wilson et al., 2005), Acropora formosa (Davy and
Patten, 2007) and Acropora muricata (Patten et al., 2008). The subsequent development of novel
viral isolation methods (Marhaver et al., 2008; Thurber et al., 2009; Weynberg et al., 2014)
facilitated the sequencing of viromes from eight scleractinian species (Wegley et al., 2007; Marhaver
et al., 2008; Vega Thurber et al., 2008; Littman et al., 2011; Correa et al., 2013; Soffer et al., 2014;
Weynberg et al., 2014; Correa et al., 2016), revealing that corals associate with up to 60 different
viral families (Wood-Charlson et al., 2015). A recent review suggested that 9-12 of these viral
families make up the ‘core’ coral virome (Vega Thurber et al., 2017), including the bacteriophage
families Myoviridae, Podoviridae and Siphoviridae and the eukaryote-infecting nucleo-cytoplasmic
large DNA virus (NCLDV) families Phycodnaviridae and Mimiviridae (Wood-Charlson et al., 2015;

Correa et al., 2016; Laffy et al., 2016). Viruses matching the Poxviridae, Iridoviridae and Ascoviridae
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families.have also been found in more than 90% of all coral viromes (Wood-Charlson et al., 2015;
Vega Thurber et al., 2017). The frequency of viruses matching Herpesviridae is more variable across
coral species (Wood-Charlson et al., 2015), but this family has been observed in healthy and
bleached corals using both TEM and metagenomics (Correa et al., 2016). Furthermore,
Phycodnaviridae have been reported from both transcriptomic (Levin et al., 2017) and viromic
(Correa et al., 2013; Weynberg et al., 2017) datasets derived from coral-isolated Symbiodinium
cultures. ssDNA viruses have also been proposed as members of the core coral virome (Vega Thurber
et al., 2017), with the prevalence of Circoviridae and Microviridae increasing in stressed/ bleached
corals (Littman et al., 2011; Soffer et al., 2014). The ssRNA Retrotranscribing family Retroviridae and
the dsDNA retrotranscribing family Caulimoviridae have also been proposed as members of the core
coral virome (Vega Thurber et al., 2017). In comparison, there has only been a single study
characterising sponge-associated viruses which reported a predominance of Caudovirales as well as

members of the Mimiviridae, Phycodnaviridae and ssDNA viruses (Laffy et al., 2016).

Given that viruses can be responsible for reprogramming host metabolism, mediating lateral gene
transferand structuring microbial communities, there is clearly a need to ascertain the functional
roles these viruses are playing within reef holobionts. A landmark study of environmental viromes
by Dinsdale and colleagues in 2008 used a SEED Subsystems approach to provide the first functional
assessment of coral-associated viruses (Dinsdale et al., 2008). However, most subsequent studies
focussed on community characterisation (Wegley et al., 2007; Marhaver et al., 2008; Vega Thurber
et al., 2008; Littman et al., 2011; Correa et al., 2013; Soffer et al., 2014; Weynberg et al., 2014;
Correa et al., 2016), with limited additional insights into the functional potential of coral reef viruses.
A recently developed computational workflow specifically designed for holobiont-associated viromes
(Laffy et al., 2016), incorporates an analyses of viral function based on Swiss-Prot Keyword
associations derived from pairwise similarity matches. We utilised this workflow to compare the
taxonomy and function of viruses inhabiting four Great Barrier Reef (GBR) sponge species
(Amphimedon queenslandica, Xestospongia testudinaria, lanthella basta and Rhopaloeides
odorabile), two coral species collected from the GBR (Pocillopora acuta) and Papua New Guinea
(PNG) (Porites lutea) and seawater collected from both locations. We also test whether the spatially
structured viral diversity trends identified in a global analysis of the Earth’s virome (Brum et al.,

2015)extend to fine spatial scales such as individual reef species.
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Resulgs and Discussion

Sequence data evaluation

In total, over 52 million paired end 250bp Illlumina reads which generated 96,757 contigs containing
300,783 predicted genes were analysed (Supp.Table S1). Single read analysis following the HoloVir
protocol facilitated taxonomic identification of between 2.2% to 26.3% of reads from each dataset,
and assembled gene analysis resulted in taxonomic identification of 26.2% to 58.1% of all assembled
contigs.(Supp.Table S1). Between 4.8-13.8% of the predicted genes were assigned function based on
Swissprot keyword identification and 68.7-98.5% of the source contigs with functional assignments

were also assigned viral taxonomies (Supp.Table S1).

Evaluation of single read data identified that between 0 and 0.2% of all reads showed significant
matches to rRNA genes, and following the convention described by Roux and colleagues for
evaluating cellular contamination in virome datasets (Roux et al., 2013), the majority of samples
could therefore be categorised as having no cellular sequences, or very low to negligible levels of
cellular contamination (Supp Table S1). Samples X. testudinaria 1 and 3, I. basta 3, R. odorabile 4, P.
acuta.l'and 3 and all P. lutea samples contained slightly higher levels of rRNA, therefore these
samples were categorised as having non-negligible proportions of cellular sequences (Roux et al.,
2013) (Supp Table S1). The cellular marker gene analysis showed that all datasets which had no, low
or negligible rRNA gene matches according to Roux and colleagues also had fewer than 0.1% cellular
marker matches, with the exception of X. testutinaria 2, which had 0.3% cellular marker matches.
Datasets identified as having non-negligble cellular contamination contained up to 0.3% cellular
marker matches (Supp Table S1). However, assembly further reduced cellular contamination in these
samples'with no more than 6 contigs having matches to rRNA genes within SILVA and no more than
11 contigs across the entire dataset having matches to HoloVir cellular markers (<0.2% of all contigs)
(Supp Table S1). This low frequency of rRNA matches demonstrates the utility of the assembly

strategy for minimising the number of contigs derived from cellular contamination.

Community structure analysis
Analysis of the viromes derived from corals and sponges revealed highly conserved viral

communities amongst the 3-5 biological replicates of each host species (with the exception of the
coral, P. acuta), with viral communities being clearly distinct from those inhabiting the surrounding
seawater (Figure 1). The composition of the viral community was significantly different amongst
host species (PERMANOVA, Pseudo-F; = 7.3, p=0.001) and host environments (i.e. coral vs sponge vs
seawater) (PERMANOVA, Pseudo-F; = 3.4, p=0.001). All species hosted viral communities that were
significantly different from each other, with the exception of A. queenslandica, for which the viral

community was only significantly different to that of R. odorabile, P. lutea and PNG seawater
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samples.(Table 1). Sponge viromes exhibited higher intra-species similarity (78-86%) than coral
viromes (66-76%), which is remarkable considering sponges filter thousands of litres of seawater
each day, efficiently extracting and digesting the virioplankton and bacterioplankton (Ludeman et al.,
2016). Microbial community dynamics in reef corals and sponges has been studied extensively
(Bourne et al 2016, Webster and Thomas, 2016), with a recent global analysis of the sponge
microbiome revealing high variability in microbial richness across different host species but low
intra-species microbial variability (Thomas et al., 2016). Similarly, the human gut microbiome and
virome have been shown to exhibit minimal temporal variability within individuals but greater
interpersonal variability (Costello et al., 2009; Reyes et al., 2010). The low intra-species variability in
the'viral communities inhabiting the four sponge species is consistent with the previously described
low microbial variability in these species (Ruetzler, 2004; Fan et al., 2012; Luter et al., 2012; Gauthier
etal., 2016). In contrast, the microbiome of some coral species (including P. lutea) has been
reported to vary both spatially and temporally (Sunagawa et al., 2009; Sunagawa et al., 2010;
Littman et al., 2011; Morrow et al., 2012; Li et al., 2014; Morrow et al., 2014).

A large scale investigation into global ocean viromes identified that nutrient concentrations
influence viral community structure at specific geographic locations, and that environmental
conditions directly influence global viral distribution (Brum et al., 2015). Similarly, the significantly
different viral community structures we observed in corals and sponges are likely influenced by the
varied nutrient and metabolite concentrations of their specific host-associated habitats (Fiore et al.,
2010; Cachet et al., 2015; Sogin et al., 2017). The global ocean virome analysis also reported that less
than one percent of all ocean viruses were affiliated to cultured representatives (Brum et al., 2015),
likely-explaining the high frequency of unidentified viral contigs within our coral and sponge-

associated viral datasets (Supp Table S2).

Comparative analysis of viral taxonomy
Assessment of viral community composition revealed that the Caudovirales (dsDNA) and

Microviridae (ssDNA) were the most diverse taxa across all reef invertebrates, with 100s of unique
viral OTUs per host species (Figure 2). The Order Caudovirales had the highest number of individual
OTUs in all samples, although variation in the three Caudovirales families was evident across
invertebrate species, with I. basta, A. queenslandica and R. odorabile being dominated by
Myoviridae, Siphoviridae and Podoviridae respectively. The abundance of individual viral taxa likely
correlates with the abundance of specific symbiotic microorganisms in each species. For instance,
the microbiome of A. queenslandica is known to be dominated by a sulfur-oxidising
Gammaproteobacteria and a Betaproteobacteria, both of which are known to be targeted by

siphoviruses (King et al., 2011). Importantly however, while there is a high level of similarity in the
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microbiomes of X. testudinaria and R. odorabile (Thomas et al., 2016), their viral communities were
significantly different, highlighting that viral composition cannot be inferred across holobiont host
species based solely on similarity in bacterial community composition (Sullivan et al., 2003; Dekel-
Bird et al., 2015). The ssDNA Microviridae, which are known to infect Enterobacteriaceae and
Tenericutes, were highly diverse and prominent in all reef invertebrate taxa, although their
representation was greatly reduced in PNG seawater samples (Figure 2). Importantly, while only five
known Microvirus genera could be discerned (Tables $S3-56), the number of Microviridae OTUs was
much higher, indicating considerable strain-level variation in the Microviridae or the presence of
previously undocumented ssDNA microvirus species. Up to 40 Circoviridae OTUs were also evident
across the GBR sponge, coral and seawater samples. The presence of ssDNA Microviruses in coral
virome data sets has been reported elsewhere (reviewed in (Wood-Charlson et al., 2015)), although
it was previously assumed their prominence was due to Phi29-based multiple displacement
amplification methods preferentially enriching ssDNA molecules (Wood-Charlson et al., 2015).
Members of the Microviridae have also been identified in the human gut, where they are
responsible for increased variability in comparison to temperate phages (Minot et al., 2013). The
abundance of this viral family shown here and also recently reported in global ocean surveys
(Labonté and Suttle, 2013; Székely and Breitbart, 2016), highlights the ubiquity and importance of

Microviridae in marine environments.

Representatives from the Megavirales families Ascoviridae, Iridoviridae, Poxviridae, and
Marseilleviridae (Colson et al., 2013) were observed in individual replicates across multiple species
(Figure 2), although the number of observed OTUs was generally low. Representatives of the
Megavirales are known to target a wide range of eukaryotic hosts, indicating that these viruses are
specifically targeting the coral / sponge cells or their co-occurring eukaryotic symbionts, which
would extend their known host range, or that they are infecting the invertebrate-associated
meiofauna. Interestingly, a low number of OTUs assigned to the Mimiviridae, which are known to
infect amoeba (La Scola et al., 2003), was detected across all reef environments. Sponges have
mobile amoebocyte cells which move throughout the sponge body and likely play host to these
novel Mimiviridae (Claverie, 2009). Pairwise sequence comparison of all Mimiviridae genes from
each dataset confirmed that few homologous genes occurred across replicate samples, with the
exception of the /. basta biological replicates, where several Mimiviridae genes shared > 70%
sequence homology (Supp. Figure S1). Additionally, almost no Mimiviridae sequence identity was
observed between sample types, suggesting there are undescribed Mimiviridae in reef invertebrates
which are host species-specific (Supp. Figure S1). Members of the Herpesviridae were largely absent

from all samples analysed, but a single OTU was detected in low abundance in a single sample of A.
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queenslandica (Figure 2). Herpes-like viruses have previously been reported to infect bleached,
diseased and stressed corals (Vega Thurber et al., 2008; Soffer et al., 2014; Correa et al., 2016) but
were not identified in any of the coral samples from the present study, possibly reflecting species-
specific, health state or methodological differences (Weynberg et al., 2014; Wood-Charlson et al.,
2015).

Algae-infecting Phycodnaviridae were also detected across all sample types, being particularly
prevalent in the sponges’ A. queenslandica and I. basta which are known to host low microbial
diversity and no photosymbionts (Luter et al., 2010; Gauthier et al., 2016). The absence of a known
Phycodnaviridae host within the sponge holobionts indicates either an expansion of the host range
for this'viral family or that these particular sponge species filter and concentrate phototrophic
microorganisms from the seawater. In corals, the Phycodnaviridae likely target the associated
dinoflagellate symbionts Symbiodinium (Correa et al., 2016; Levin et al., 2017; Weynberg et al.,
2017). Parvoviridae, which were traditionally thought to infect vertebrates and arthropods but have
recently been reported from a range of marine invertebrates including corals (Francois et al., 2016),
were particularly prevalent in the sponges I. basta, R. odorabile and the coral P. acuta as well as the
GBR seawater. Here we broaden the host range of Parvoviridae to include the Porifera holobiont,
where they occurred in three of the four sponge species. Iridoviridae, which are known to infect
invertebrates (Williams, 2008) were detected in low abundance in A. queenslandica and P. lutea.
Poxviridae, which are known to infect insect, arthropod and vertebrate hosts (Hughes et al., 2010;
Haller et al., 2014), were detected in some replicates of A. queenslandica, I. basta, R. odorabile and
P. lutea. ssDNA viruses from the family Bidnaviridae were additionally detected in the viral
communities of R. odorabile, I. basta and P. lutea using last common ancestor based viral RefSeq
taxonomic assignment (Figures S2, S3, Table S2). Members of the Bidnaviridae are eukaryotic ssDNA
viruses which were previously assigned to the Parvoviridae family, but which have incorporated

Polintoviral, Baculoviral and Reoviral genes (Krupovic and Koonin, 2014).

Asviral'genome size can vary greatly between different viral families, it is important to consider the
identification of individual genes from whole genome analysis of virome communities. Members of
the Circoviridae have as few as two coding genes in their genome (Rosario et al., 2017), members of
the Microviridae typically have between three to nine genes (Roux et al., 2012), while members of
the giant viruses in the family Mimiviridae can have more than 900 genes (Claverie, 2009). While
OTU frequency calculations were normalised to account for the average number of marker genes
that have been observed for all viral families (Figure 2), the abundance of taxonomic assignments for

each viral family based on viral Refseq BLAST+ analysis does not take into account the variation in
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genomesize and gene frequency when assighing taxonomy. This likely overestimates the

contribution of certain viral taxa in overall community composition (Figures S2, S3).

Comparative analysis of viral function

A total of 551 different Uniprot/Swissprot (further referred to as Swissprot) keywords were assigned
to the predicted genes derived from coral, sponge and seawater viromes. In summary, 4.8%-13.8%
of sponge-associated viral genes, 2.4%-29.1% of coral-associated viral genes and 3.2%-10.3% of
seawater associated viral genes were assigned Swissprot keywords. When further investigating the
50 most common Swissprot keywords identified across all viromes, viral-specific functions
dominated, comprising genes involved in i) viral capsid structure and formation (capsid proteins,
plasmid partition, viral capsid assembly, virion and viral genome packaging), ii) viral tail structure
(viral tail proteins, viral tail assembly and viral tail fibre proteins), iii) viral infection mechanisms (viral
penetration into host cytoplasm, viral tail ejection systems, host cell lysis, bacteriolytic enzymes and
DNA end degradation evasion) and iv) viral latency (viral latency and latency-replication switch)
(Figure 3). A small number of additional genes were assigned non-viral Swissprot keywords including
cobalamin, collagen, hydroxylation and elliptocytosis (Figure 3). The 50 most abundant Swissprot
keywords were generally represented across multiple sample types (Figure 3), with the exception of
viral latency genes, which were exclusively detected in P. acuta, and elliptocytosis, which was only
observed in P. lutea. Genes involved in viral replication, including DNA polymerase, Primosome, and
DNA replication, dominated most reef samples. A variety of different viral structural genes including
capsid, tail fiber and baseplate proteins were also observed across most samples. Genes involved in
specific viral pathogenesis pathways such as lipopolysaccharide degradation, viral host membrane-
permeablization and evasion of bacteria-mediated translation shutoff were more variable across
sample types (Figure 3), highlighting how different holobiont communities likely utilize varying

infection and pathogenesis processes.

COG functional category assignment varied between sample types, with 11-17% of sponge-
associated viral genes, 14-19% of coral-associated viral genes and 11-29% of seawater-associated
viral genes being assigned COG functional categories. Over 75% of genes associated with the top 50
Swissprot keywords also had COG categories assigned as either unknown function (S) or could not be
assigned into any COG (Figure 3), reflecting how COG functional categories were developed using
bacterial rather than viral genomes and highlighting the superior functional resolution obtained
using the Swissprot keyword enrichment approach (Galperin et al., 2015). Of the ~25% of genes
assigned COG functional categories, most were designated as replication and repair (L), nucleotide

metabolism and transport (F) and cell wall/membrane/envelope biogenesis (M) (Figure 3).
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In addition to the use of marker gene and rRNA gene analysis to ensure assembled contigs were not
significantly influenced by co-purified cellular contigs (Table S7), a detailed analysis of contigs coding
for three functional keywords (collagen, herbicide resistance and cobalamin) was performed. In all
cases, contigs containing these individual keywords were found on contigs containing viral

taxonomic matches (Figure S4).

To determine which viral functions were significantly different across host species and habitats, we
employed the multivariate statistical package mvabund (Wang et al., 2012) using the entire
SwissProt functional keyword classification data set. Many genes involved in capsid and tail assembly
andinjection into target hosts were not significantly different across species or habitats. However,
genes with keyword assignment to hydrolase, DNA repair, damage and binding, as well as DNA
recombinase were found to be significantly enriched in both A. queenslandica and in the GBR
seawater (Figure 4) with genes being assigned these keywords known to accumulate in viral
genomes to facilitate efficient replication (Gillespie et al., 2012). Herbicide resistance genes and viral
penetration via permeablization of host membranes were significantly enriched in X. testudinaria
(Figure 4), and the contigs containing these genes were assigned to a Synechococcus phage
belonging to the family Myoviridae (Table S7). It is likely that the viruses containing these auxiliary
genes are targeting the dominant photosymbionts in X. testudinaria, the cyanobacterium
Synechococcus spongiarum (Thomas et al., 2016). Herbicides are highly effective at controlling
cyanobacterial populations (Perron and Juneau, 2011; Wu et al., 2016) and the introduction of viral
herbicide resistance genes into plant genomes (de Freitas et al., 2007) has already been
demonstrated. It is therefore conceivable that Myoviral cyanophages are providing herbicide

resistance genes to their sponge-associated cyanobacterial hosts.

The Swissprot keywords exopolysaccharide synthesis, glycoprotein, calcium and enriched capsule
biogenesis/degradation were significantly enriched in /. basta (Figure 4), and several of these
keywords include genes involved in cell wall-viral interactions, although their exact role in I. basta
remainsto be determined. Peptidoglycan anchors were also enriched in /. basta (Figure 4), with the
majority of contigs containing these genes assigned to Caudovirales (Table S7). Exposure to bacterial
polysaccharides including peptidoglycan anchors has previously been shown to increase viral
infectivity (Kuss et al., 2011), and hence these peptidoglycan anchors in . basta derived Caudovirales

may also be increasing infection rates into host cells.

Genes assigned the Swissprot keyword Cobalamin were detected in all samples but were
significantly enriched in /. basta (Figure 4), and were taxonomically assigned to dsDNA viral contigs

(Table S7). Cobalamin biosynthesis is undertaken by many bacteria and archaea, with Vitamin B12
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being an essential cofactor required by most organisms (Doxey et al., 2014). Cobalamin biosynthesis
genes have previously been identified in Myoviruses that infect Prochlorococcus, where they are
suggested to boost cobalamin production during infection cycles to improve the activity of
ribonucleotide reductase genes (Sullivan et al., 2005). /. basta is known to host populations of
Cyanobacteria and the viral contig(s) containing the cobalamin biosynthesis genes may also be

influencing ribonucleotide reductase genes in their hosts.

A'significant enrichment of methyltransferase and chromatin regulator keywords were identified in
R. ‘odorabile (Figure 4). Methyltransferases have been identified in Chlorella viruses of the
Phycodnaviridae family (Zhang et al., 1998) as well as in several dsDNA bacteriophages (Krabbe and
Carlson, 1991), and are essential in highly methylated viral genomes (Nelson et al., 1993). As R.
odorabile does not contain algal photosymbionts (Bourne et al., 2013), it is unlikely these genes
originate from an algal virus. Chromatin regulation genes are critical for interaction with chromatin
structure and formation, enabling infecting viruses access to specific genomic regions of their hosts
(Lieberman, 2006). Genes involved in viral endocytosis by host were also enriched in R. odorabile,
and these contigs were assigned to Parvoviruses of the subfamily Densovirinae (Table S7). Members
of the Densovirinae are known to infect insects and arthropods (King et al., 2011), so their presence
in R. odorabile indicates either an expansion of their host range into the Porifera or the presence of

arthropods within the R. odorabile holobiont.

Assignificant enrichment of viral latency genes was evident in P. acuta, indicating an active viral
infection. DNA end degradation evasion which enables viruses to actively avoid detection and
degradation once they infect their target hosts were also significantly enriched in P. acuta
(Dillingham and Kowalczykowski, 2008) (Figure 4). Contigs assigned to viral latency were found
exclusively in Siphoviridae lambdalike phages (Table S7). Lambda phages are one of the few
bacteriophage who have been identified to enter both a lytic and lysogenic life cycle (Salmond and
Fineran, 2015). Genes assigned the Swissprot keyword nucleosome core were observed almost
exclusively in P. lutea (Figure 4). These genes matched Histone H3 and originated from contigs
assigned to giant viruses from the Marseilleviridae family (Table S7). Histones have previously been
identified in Marseilleviridae (Erives, 2015), and are thought to be involved in compressing viral

genomes and suppressing host cell immune reactions (Avgousti et al., 2016).

The increase in photosystem | genes observed in P. lutea (Figure 4) may indicate that viruses are
playing a key role in the observed increase in photosystem genes within microbial communities at

oligotrophic reef sites (Kelly et al., 2014). The presence of photosystem | and |l genes in marine virus
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genomes has been previously reported (Lindell et al., 2005), and have been proposed to increase

viral fitness by supplementing host photosynthetic energy production (Lindell et al., 2005).

When differences between host environments were investigated, genes involved in hydroxylation,
collagen and viral genome excision were found to be significantly enriched in sponge viromes and
genes involved in viral latency, RNA directed DNA polymerases, transposable elements, toxins and
formylation were significantly enriched in coral viromes (Figure 5). Collagen producing genes have
been identified in nucleocytoplasmic large DNA viruses and as a structural component of the
external capsids of mimiviruses (Shah et al., 2014), although none of the contigs containing collagen
genes from this study were assigned to Mimiviridae (Table S7). While collagen is one of the most
ubiquitous proteins produced in multicellular animals, it is also one of the main structural
components which give form and structure to sponges (Simpson, 1984). While the specific
functional role of viral collagen genes in reef holobionts remains to be determined, their abundance
in different sponge species (Figure 5) may indicate that some viruses are specifically targeting
collagen producing pathways within their hosts. Hydroxylation genes were also enriched in both the
sponge and coral viromes, with potential roles ranging from antibiotic biosynthesis (Neary et al.,
2007), regulation of transcription (Tsukada et al., 2006) and DNA repair (Trewick et al., 2002). Most
of the genes significantly enriched in corals originated from Caudovirales contigs in P. lutea and
Siphoviridae lambda phages in P. acuta (Table S7). In seawater samples, an enrichment of genes
involved in helicase activity, viral short tail ejection systems and degradation of host chromosomes

by viruses was observed (Figure 5).

Conclusion
Viromic analysis of reef sponges, corals and their surrounding seawater has generated valuable new

insights into the ecology of viruses inhabiting reef ecosystems. Viruses infecting reef holobionts
exhibit significant host species-specificity and appear uniquely adapted to their individual host
habitats. Bacteriophage dominate the communities of corals and sponges, hence low variability in
the viral.assemblages likely reflects the low intra-species variability of the respective host
microbiomes (Thomas et al., 2016). However, the finding that species with more similar microbial
associations do not necessarily have more similar viral assemblages, suggests that the holobiont
environment still allows for niche selection of viral communities. We also report the presence of
ssDNA viruses of the Bidnaviridae family in sponges and corals, and further highlight the abundance
of ssDNA viruses belonging to the Circoviridae, Parvoviridae and Microviridae in coral reef
invertebrates, with the latter rivalling the number of OTUs found in the Caudovirales families. Many
core viral functional genes were also conserved across all host environments, with genes involved in

viral capsid formation, tail structure and infection mechanisms being observed in all reef samples.
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Other functional genes were specifically enriched in individual holobiont species. For instance,
lambda phage viral latency genes were exclusively detected in P./utea, herbicide resistance genes
were only enriched in X. testudinaria, cobalamin biosynthesis genes were only enriched in R.
odorabile and DNA end degradation evasion genes were only enriched in P. acuta. These variable
components likely enable viral assemblages to cope with different host defence strategies and may
provide unique advantages to the holobiont host to increase community fitness. These insights into
coral reef viral ecology provide the framework for future hypothesis driven research into how reef

viruses.contribute to holobiont health and evolution.

Experimental procedures

Sample collection

All'coral and sponge samples were collected on SCUBA, at locations described in Table S1, and tissue
was immediately processed for viral isolation or snap frozen for downstream processing (see below).
Replicate tissue samples were collected within the same dive, limiting the distance between samples
to a radius of 200 m. Papua New Guinea (PNG) (n=4 x 12 L) seawater samples were collected in
sterile containers, immediately pre-filtered using a 0.22 um Sterivex polyethersulfone filter and the
filtrate was concentrated via chemical flocculation as described in (John et al., 2011) and stored at
4°C on Sterivex filters until further processing. GBR (n= 3 x 30L) seawater samples were stored at 4°C
for no more than 4 days before being concentrated to approximately 20 mL using Tangential Flow
Filtration (30 kDa, Pall Corporation) as described in (Sun et al., 2014). PNG seawater samples were
resuspended in ascorbate-EDTA buffer (John et al., 2011). Seawater samples were then
concentrated using Amicon centrifugal spin columns (30kDa, Millipore) and washed with 0.02 um
filtered SM buffer before cesium chloride (CsCl) gradient separation as described in (Weynberg et al.,

2014).

Sample homogenisation, cellular disruption and cesium chloride fractionation

For all coral samples, tissue was air blasted from the skeleton into 15 mL 0.02 um filtered (Anotop,
Whatman) SM buffer (100 mM NacCl, 8 mM MgS0O,4, 50 mM Tris pH 7.5) in sterile zip-lock bags and
processed as previously described (Weynberg et al., 2014). Tissue from R.odorabile and I.basta were
snap-frozen upon collection, while tissue from X. testudinaria and A. queenslandica was processed
fresh. For subsequent processing all sponge species were cut into small pieces and homogenised in
SM buffer for 10 min. Sponge homogenates were passed through a 100 pm sieve (Corning Life
Sciences) and centrifuged at 500 g for 15 min. All sample supernatants were loaded onto CsCl
density gradients and centrifuged as described previously (Weynberg et al., 2014). Gradient sities

were determined gravimetrically and DNA concentrations were measured using a Quant-It Picogreen
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dsDNA high sensitivity assay kit (Invitrogen, Live Technologies). Fractions containing nucleic acid
concentrations greater than 100 ng/ml were pooled together prior to buffer exchange (to remove
CsCl salts) using Amicon centrifugal spin columns (30kDa, Millipore) and 0.02 um filtered SM buffer.
The viscosity of the sponge samples necessitated 0.2 um filtering prior to buffer exchange. After
buffer exchange, all samples were filtered using 0.2 um pore size Durapore® (low protein binding)

syringe filters to remove any remaining cellular contamination.

Nucleicacid extraction, amplification and sequencing

All'samples were treated with DNase (Ambion) and RNase (Ambion) for 30 mins at 37°C. Nucleic
acids were extracted and RNase treated using a MasterPure™ DNA purification kit (Epicentre,
Madison WI) (P.lutea, P. acuta, PNG seawater), UltraClean Microbial DNA isolation kit (MoBio,
Carlsbad CA) (/. basta, R. odorabile and GBR seawater) or FastDNA™ SPIN Kit for Soil (MP
Biomedicals, Santa Ana CA) (A. queenslandica and X. testudinaria) according to the Manufacturer’s
instructions (see Table S1 for full details). All seawater, coral and sponge samples were amplified
using a modified Random Priming-mediated Sequence-Independent Single-Primer Amplification
(SISPA) approach as previously described (Weynberg et al., 2014), to enrich nucleic acids prior to
sequencing and convert all ssDNA sequences to dsDNA templates. Final amplified PCR products were
cleaned using a MinElute® PCR purification kit and quantified using a Quant-IT PicoGreen® kit. PCR
fragments were visualised on a 0.8% agarose gel. All purified viral metagenomes were sequenced
using Nextera XT MiSeq 300 bp paired-end sequencing (lllumina) at the Ramaciotti Centre,
University of New South Wales, Australia. All samples were submitted to the Genbank Sequence

Read Archive as summarised in Table S1.

Sequence analysis

A full summary of the computational workflow can be seen in Figure 6. Briefly, sequence data sets
were analysed using HoloVir, a computational workflow designed for assigning taxonomy and
function to host-associated viromes (Laffy et al., 2016). HoloVir employs a two tiered approach,
utilising'single read data and assembled predicted gene data in viral RefSeq (release 74) pairwise
sequence comparisons to perform taxonomic assignment, complemented by marker gene validation
of taxonomy and assessment of cellular contamination. Functional categorization was performed on
predicted genes by pairwise sequence comparisons to Uniprot/Swissprot protein database (release-
2016 01) (The UniProt Consortium, 2015), and assigned to specific Clusters of Orthologous Groups

based on comparisons to the EggNOG 4.5 database (Huerta-Cepas et al., 2015).
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Single read analysis: Quality control evaluation, trimming and merging

Quality Control (QC) on raw sequence reads was performed using FastQC (version 0.11.5) (Andrews,
2010), overlapping reads from paired end data were identified and merged with PEAR (Zhang et al.,
2014). Unmerged reads were fused together, separated by 10 padding n residues, to maintain the
relationship between non-overlapping paired end reads without adversely influencing subsequent
BLAST matches. Merged reads were dereplicated using cd-hit-est (Li and Godzik, 2006), with a global
identity threshold of 99%. Merged and non-merged reads were combined prior to BLAST+ analysis

for taxonomic assignment.

Single read analysis: Taxonomic assignment and validation

Comparison to the viral RefSeq Database (release 74)(Brister et al., 2015) via BLAST+ (Camacho et
al., 2009) sequence similarity searches was performed using default parameters. Taxonomic
assignments were performed using MEGANS (Huson et al., 2011) LCA default parameters, and a
minimum support parameter of five reads. A cellular and viral marker database was generated as
previously described (Laffy et al., 2016) and used in sequence similarity comparisons to confirm viral
RefSeq taxonomic assignments and to identify potential cellular contaminants. Cellular
contamination was also evaluated (Roux et al., 2013) by BLAST+ comparisons to the SILVA rRNA
database (Release 128) (Quast et al., 2013).

OTU based estimates of viral community composition were calculated using VOGDB models
(www.vogdb.org version 81) for four types of core viral proteins; helicase, terminase, polymerase
and major capsid proteins. A total of 189 individual VOGS were combined across all four viral protein
types, ensuring that at least one representative marker was included for all dsDNA, ssDNA and retro-
transcribing viral families, including 32 major capsid protein VOGs, 35 Helicase VOGs, 104
polymerase VOGs and 18 terminase VOGs. Briefly, SymBets were used to construct viral
intergenomic symmetrical best matches (Kristensen et al., 2010) before NCBI COGsoft was employed
to iterate the edges of SymBet graphs (Kristensen et al., 2010). These were further clustered based
on'a HMM-HMM similarity graph to form the final viral orthologous group HMM models.
MetaGeneAnnotator (Noguchi et al., 2008) was used to identify gene coding sequences from
sequence reads and HMM-graspx (Zhong et al., 2016) was used to pre-assemble individual sequence
reads to this cohort of 189 VOGDB models. Final assembly was performed by a combination of
quality trimming using prinseg-lite (Schmieder and Edwards, 2011) using the following non-default
parameters: -min_len 50 -min_qual_mean 20 -trim_qual_right 20 -trim_qual_window 10 -
trim_qual_type min, and trinity was employed for assembly (using default parameters) (Haas et al.,

2013) for each HMMer model. Reads were normalised to the same number of reads per sample,
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using randomised subsampling, and total abundance of each viral family was calculated. OTU
numbers were normalized by the number of marker families typically found in a taxon and used to

calculate their abundance.

Gene-centric Analysis: Assembly, gene prediction and taxonomic assignment
De novo assembly of viral metagenomes was performed using CLC Genomics Workbench 8.5.1

(https://www.giagenbioinformatics.com/) with subsequent filtering steps for a minimum of 3 x

coverage and a minimum contig length of 1000 bp. Gene prediction was performed on assembled
contigs using MetaGeneAnnotator (Noguchi et al., 2008). Predicted genes were screened and
taxonomic assignments performed using the same approaches described for single read analysis,
incorporating viral Refseq, HoloVir marker gene and rRNA comparisons. Bray-Curtis distance
matrices were generated and Non-metric MultiDimensional Scaling (NMDS) analysis was used to
visually compare virome communities. PERMANOVA (Primer6/PERMANOVA+ v1.0.2 ; Plymouth, UK)
was performed on standardized square root transformed data using 999 permutations to test

differences in community structure between species and habitat types (corals, sponges, seawater).

Gene-centric Analysis: Functional assignment

Predicted gene functions were determined by performing BLAST+ (Camacho et al., 2009) sequence
similarity searches with an e-value cutoff of 10" against the complete UniprotKB/Swissprot
functionally annotated database (The UniProt Consortium, 2015). SwissProt keywords were
identified for each best hit and collated for each viral metagenome. The 50 most abundant keywords
across all samples were identified and the predicted genes that gave rise to these keywords were
identified. Predicted genes were similarly searched against the EggNOG 4.5 database (Huerta-Cepas
et al., 2015) and where a significant match was observed, that is an e-value less than 10 coG
functional categories were assigned (Galperin et al., 2015). Genes which were responsible for the 50
most abundant keywords were cross referenced against the COG functional category classification
(Figure 3). The R package mvabund (Wang et al., 2012) was used to perform univariate tests on
permutational multivariate analysis of variance, identifying drivers of functional differences between

species as well as between host environments.

In‘order to validate the viral origin of specific functional genes (herbicide resistance, cobalamin,
collagen) source contigs were identified from each dataset and all predicted genes from each contig
weressubmitted to nr BLASTP analysis. MEGANS5 LCA taxonomic assignment was performed using nr
BLASTP results and overall taxonomy for each contig was summarised. Six taxonomic assignment

categories were established; i) virus only, ii) virus and unresolved taxonomy, iii) virus and cellular, iv)
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unresolved only, v) cellular and unresolved and vi) cellular only. The resulting nr taxonomic

assignments are summarised in Figure S4.

Supplementary information is available at Environmental Microbiology website
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Figure Legends

Figure 1. Community composition and sequence similarity of holobiont associated virome
communities. NMDS plot based on the Bray Curtis similarity of genus-level taxonomic assignment of
predicted genes from virome communities.

Figure 2. Composition of viruses across holobiont species and reef environments. Taxonomic
conservation and OTU estimates were calculated using HMMgraspx to analyse individual reads from
virome data sets and by comparison to HMMER models generated from VOGDB viral orthologous
groups pertaining to major helicase, polymerase, terminase and major capsid proteins. Reads were
normalised across samples and total abundance was calculated based on the number of reads that
were assigned to each orthologous group. OTU estimates were generated based on the number of
readsrecruited to selected VOGs and adjusted according to the number of helicase, polymerase,
terminase and major capsid proteins that are typically found in each viral family. Coverage is
depicted by bubble size and the number of OTUs by bubble colour.

Figure 3. Top 50 Swissprot keywords assigned to holobiont viromes. Swissprot functional keyword
assignment to predicted gene data was adjusted to normalise for keyword composition within the
Swissprot database. Keyword composition was adjusted to account for the coverage of the source
contig within the virome community. The top 50 most abundant keywords across all datasets were
identified and the corresponding COG functional category assignment of the source genes were
assigned according to best EggNOG v4.5 BLAST+ match. COG functional categories: (F) Nucleotide
metabolism and transport; (L) Replication and repair; (M) Cell wall/membrane/envelope biogenesis;
(S) Function unknown.

Figure 4. Viral functions that were significantly different between reef host species. MVabund was
used to perform univariate tests on Swissprot keyword abundance data from all samples, identifying
key drivers of functional differences between host species. Swissprot keyword assignments were
normalised to keyword composition within the Swissprot database and adjusted to account for the
coverage of the source contig within the virome community.

Figure 5. Viral functions that were significantly different between reef environment (coral, sponge,
seawater). MVabund was used to perform univariate tests on Swissprot keyword abundance data
from all samples, identifying key drivers of functional differences between reef environments.
Swissprot keyword assignments were normalised to keyword composition within the Swissprot
database and adjusted to account for the coverage of the source contig within the virome
community.

Figure 6. Analysis workflow of coral, sponge and seawater virome datasets.
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Tabled.egends
Table 1. Host species resemblance based on SIMPER analysis showing average similarity in viral community composition between hosts. Permutations

were based on a Bray-Curtis similarity matrix generated from square root transformed data. Samples with significant P-values from pairwise tests (<0.05)
are highlighted in bold.

| Sponges | Corals | Seawater
A. queenslandica  X. testudinaria  R. odorabile I. basta P. acuta P. lutea GBR seawater PNG seawater

A. queenslandica 81.192
X. testudinaria 74.008 78.868
R. odorabile 66.042 65.852 86.378
I. basta 69.152 67.611 60.123 78.297
P. acuta 62.698 58.234 51.701 59.254 66.183
P. lutea 74.114 69.491 58.996 67.952 59.218 76.423
GBR seawater 75.631 66.572 64.853 68.162 63.751 69.833 82.018
PNG seawater 72.126 73.167 60.148 71.726 58.032 74.709 67.289 88.286
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Figure 1. Community composition and sequence similarity of holobiont associated virome communities.
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Figure 2. Composition of viruses across holobiont species and reef environments. Taxonomic conservation
and OTU estimates were calculated using HMMgraspx to analyse individual reads from virome data sets and
by comparison to HMMER models generated from VOGDB viral orthologous groups pertaining to major
helicase, polymerase, terminase and major capsid proteins. Reads were normalised across samples and total
abundance was calculated based on the number of reads that were assigned to each orthologous group. OTU
estimates were generated based on the number of reads recruited to selected VOGs and adjusted according
to the number of helicase, polymerase, terminase and major capsid proteins that are typically found in each
viral family. Coverage is depicted by bubble size and the number of OTUs by bubble colour.
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Figure 4. Viral functions that were significantly different between reef host species. MVabund was used to
perform univariate tests on Swissprot keyword abundance data from all samples, identifying key drivers of

functional differences between host species. Swissprot keyword assignments were normalised to keyword

composition within the Swissprot database and adjusted to account for the coverage of the source contig

within the virome community.
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Figure 5. Viral functions that were significantly different between reef environment (coral, sponge,
seawater). MVabund was used to perform univariate tests on Swissprot keyword abundance data from all
samples, identifying key drivers of functional differences between reef environments. Swissprot keyword

assignments were normalised to keyword composition within the Swissprot database and adjusted to
account for the coverage of the source contig within the virome community.
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Figure 6. Analysis workflow of coral sponge and seawater virome datasets.
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