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Department of Microbiology, Cornell University, Ithaca, NY, USA

Viruses are the most abundant biological entities on Earth, killing 10-20% of oceanic
biomass each day. However, despite their ecological importance, viruses inhabiting
many echinoderms, cnidarians, urochordates, and marine arthropods have not been
investigated with significant breadth. We conducted a broad survey of the viral
assemblages inhabiting these hosts through viral metagenomics and phylogenetic
analysis. Results indicate that different invertebrate groups harbor distinct viral
assemblages. Interestingly, however, no significant difference is observed between the
viral assemblages of echinoderms and arthropods. These similarities and differences
may be due to cellular, immunological, geographical, and ecological differences amongst
host phyla, although mechanistic determination is beyond the purview of this work.
Additionally, we present evidence of the detection of several viral families that have not
yet been observed in these hosts. Finally, we confirm the result of previous investigation
that method of library construction significantly biases metagenomic results by altering
the representation of ssDNA and dsDNA viral genomes.
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INTRODUCTION

Viruses are the most abundant biological entities on Earth, with an estimated 10% viruses in
the oceans (Suttle, 2007). Surface seawater typically harbors 107 viral particles mL~!, with fewer
viruses at depth (10> mL™!), and greater abundance in algal blooms (Wommack and Colwell,
2000). These viruses cause mortality in 10-20% of oceanic biomass each day (Munn, 2006;
Suttle, 2007). Viruses associated with metazoan host microbiomes include viruses that infect
hosts (i.e., pathogens, neutral-effect viruses, and endogenous viruses), and also viruses that infect
non-metazoan components, including bacterial, archaeal, and eukaryotic microbial constituents.
Despite their significance as agents of mortality, investigation of viruses associated with
marine invertebrates has historically been limited. Viruses of many ecologically important marine
invertebrate faunae have not yet been investigated; Entire phyla lack described viruses (Suttle,
2005). This is due to several obstacles that make conventional investigation difficult. For instance,
cell lines that model marine invertebrate metazoan tissues are unavailable, and cell culturing
techniques are incompatible with microbes that have unknown growth requirements or require
symbioses. Metagenomics allows investigators to overcome some of these obstacles via next
generation shotgun-sequencing, targeting nucleic acids to observe entire microbial communities.
Recent viral metagenomic studies have exposed novel families of invertebrate viruses (e.g.,
Ng, 2010; Rosario et al., 2011, 2012; Dunlap et al, 2013). This technique may be used as
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viral surveillance (Ng, 2010), or as a starting point for further
investigation into microbe-microbe interactions, microbe-host
interactions, pathogenesis, and disease diagnosis. The lack of
representative viral genomes in public databases may decrease
confidence in metaviromes annotation (Weynberg et al., 2014).
However, metaviromics provides a strong starting point for
future study of viral-host relationships.

Echinoderms, cnidarians, urochordates, and arthropods are
ecologically important benthic marine invertebrates. Many
are keystone species, disproportionately affecting ecological
structure through predation and consumption (Paine, 1969).
Others are filter-feeders, clarifying water by altering turbidity and
light penetration by controlling local populations of free-floating
microbes and particulate matter (Berke, 2010). Still others are
decomposers and participate in bioturbation, oxygenating anoxic
sediments, and releasing stored nutrients into the water column.
Because benthic invertebrates play important roles in marine
habitat ecology and biogeochemistry, investigation into the viral
diversity of their microbiomes is relevant to understanding how
viruses influence marine ecosystems. There have been few reports
of viruses of echinoderms (Gudenkauf et al., 2014; Hewson
et al, 2014), very few of non-commercially important (but
ecologically important) marine arthropods (e.g., Dunlap et al.,
2013), only one of viruses infecting non-scleractinian corals
(Hewson et al, 2011a), and no previous reports of viruses
inhabiting urochordates.

While most populations of echinoderms are long-lived in
the absence of pathogenic agents (Bluhm et al., 1998), bacteria
and protozoan parasites can cause mortality (Jangoux, 1987).
However, there are some instances of mass mortality that remain
unexplained by bacteria or protozoan influences alone and for
which viruses are the most likely factor. For instance, a mass
mortality event of the echinoid Diadema antillarum occurred
starting in 1983. Death of 97% of the population occurred rapidly
throughout the Caribbean, with infection radiating outward
from a locus at the Panama Canal. While these characteristics
alone resemble classical elements of viral epidemiology, the
most striking resemblance lies in the fact that infection was
transmissible by material <0.2um in size, which is smaller
than the smallest known bacterial genus, Mycoplasma (Lessios
et al., 1984; Lessios, 1988). The loss of D. antillarum profoundly
affected the ecology of reef ecosystems within the Caribbean
as macroalgae became overgrown, inhibiting coral growth and
contributing to further decline of scleractinian corals (Carpenter,
1990).

Asteroids have also been decimated by several still-
unexplained mass mortality events off the coast of California
since 1978 (Bates et al., 2009). Recently, a densovirus (the sea
star associated densovirus or SSaDV) was identified as the
most likely cause of the most recent sea star “wasting disease”
that occurred in 2013 and 2014 along the western coast of
North America (Hewson et al, 2014). Gorgonian sea fans
and tunicates also underwent a mass-mortality event in the
northwest Mediterranean Sea in the summer of 1999, with this
event correlating with higher than average oceanic temperatures
(Cerrano et al., 2000). This correlation may support a switch
from commensal to pathogenic microorganisms. However, this

does not explain those events in which oceanic temperatures
were not above normal, like the sea star wasting event. While
the sudden decline of echinoderm populations may be related to
environmental shifts (e.g., restricted water flow, anoxia, or slight
changes in temperature), collapse in the absence of great physical
change is consistent with viral or other pathogen attack.

With this work we seek to characterize the viruses found in
the tissues of echinoderms, marine arthropods, cnidarians, and
urochordates and compare the assemblages to identify common
constituents within different host phyla. We attempt to answer
the question: Do similar viruses inhabit broad host taxa, or do
different taxa host distinct viruses?

METHODS
Sampling

All samples were adults (i.e., no juveniles or larvae) and were
collected by snorkel (Peramphithoe femorata), SCUBA diving
(Gorgonia ventalina), from an artisanal fish market (Pyura
chilensis), or by hand in the intertidal zone (arthropoda species)
(Table 1). Data from asteroids and echinoids were collected as
part of two previous studies (Gudenkauf et al., 2014; Hewson
et al,, 2014). In all cases, samples were immediately placed into
Whirlpak® bags and frozen.

Metagenomic Library Preparation

We prepared 41 viromes from four phyla of marine invertebrates
following the approach of Ng et al. (2009). Invertebrate tissue
samples were removed from storage at —80°C and thawed. Once
at room temperature, we amended tissues with 20 mL of 0.02 pm-
filtered phosphate buffered saline and ground them in a sterile
mortar and pestle. Homogenates were centrifuged for 10 min at
5000 x g to remove large particulate material. Next, we syringe-
filtered the supernatant (0.2 pm Polyethersulfone) to remove cell
debris and bacteria-size particles. Then, we amended filtrates
with polyethylene glycol 8000 (10% weight-to-volume), mixed
by inversion for 1 min, and precipitated them overnight at 4°C.
Following precipitation, samples were centrifuged for 45min
at 12,000 x g. Next we removed supernatants by pipette and
suspended viral pellets in 1 mL nuclease-free deionized water.
Resuspended pellets were extracted with 200 pL CHCI3, inverted
to mix, and allowed to settle for 10 min at room temperature.
Subsequently we centrifuged samples for 1 min at 15,000 x g and
transferred the aqueous layer to a new tube. Invitrogen TURBO
DNase (14 U), Promega RNase One (20 U), 1 nL of Benzonase
Nuclease, and 11.5 wL of nuclease-free deionized water were
added to each sample, which were then incubated in a water bath
at 37°C for 3h. After incubation, we added 20 pmol EDTA to
each sample, which we then stored at —80°C.

We confirmed the absence of bacterial and eukaryotic
genomic DNA by PCR targeting 16S and 18S genes (Thurber
etal., 2009). Next, we extracted DNA from purified viruses using
Zymo Research Viral DNA Kit and amplified viral DNA using the
GenomePlex Whole Genome Amplification (WGA?2) kit (Sigma-
Aldrich), or for the case of P. chilensis, we used both WGA2
and GenomiPhi ¢$29 HY DNA Amplification kits (Illustra)
to compare the effects of amplification strategy on library
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TABLE 1 | Sample details for Arthropoda, Echinodermata, Chordata, and Cnidaria samples used in metagenomic analyses.

Species Phylum Class Location Date Latitude (°) Longitude (°) Depth (m)
Acanthaster planci Echinodermata Asteroidea Big Island, Hawaii 8/4/13 19.7056 —1565.0858 3
Orchestoidea californiana Arthropoda Maxillopoda Big Fisherman’s Cove, Santa 2/13/13 33.6269 —118.5141 Intertidal
Catalina Island
Peramphithoe femorata Arthropoda Maxillopoda Big Fisherman’s Cove, Santa 2/13/13 33.6269 —118.5141 1
Catalina Island
Neotrypaea californiensis Arthropoda Malacostraca Little Fisherman’s Cove, Santa 2/12/13 33.4400 —118.4992 Intertidal
Catalina Island
Halocaridina rubra Arthropoda Malacostraca Big Island, Hawaii 1/10/18 19.9154 —155.8874 Freshwater
Gorgonia ventalina (healthy) Cnidaria Anthozoa Puerto Rico 9/8/13 18.2011 —67.1397 12
Gorgonia ventalina (diseased) Cnidaria Anthozoa Puerto Rico 9/8/13 18.2011 —67.1397 12
Pyura chilensis 1 Chordata Ascidiacea Valpariso, Chile 11/19/13 —33.0500 —71.6167 Unknown
Pyura chilensis 2 Chordata Ascidiacea Valpariso, Chile 11/19/13 —33.0500 —71.6167 Unknown
Pyura chilensis 3 Chordata Ascidiacea Valpariso, Chile 11/19/13 —33.0500 —71.6167 Unknown
Pyura chilensis 4 Chordata Ascidiacea Valpariso, Chile 11/19/13 —33.0500 —71.6167 Unknown
Pyura chilensis 5 Chordata Ascidiacea Valpariso, Chile 11/19/13 —33.0500 —-71.6167 Unknown

Geographic coordinates are provided in decimal degrees. Data for asteroids and echinoids may be found in previous work (Gudenkauf et al., 2014, Hewson et al., 2014). Gorgonia

ventalina samples are denoted as healthy or diseased based on the presence of lesions.

composition. Next, we used the Zymo Research DNA Clean and
Concentrator kit to purify amplicons. Whole genome amplicons
were sequenced with Illumina MiSeq 2 x 250 bp paired-end
chemistry at Cornell University Core Sequencing Center, where
each sample was multiplexed with other samples. Sequence
libraries have been deposited at GenBank SRA under accession
numbers SAMNO03653376, SAMNO03653669, SAMNO03653670,
and SAMNO03653673-SAMNO03653676. Data from 28 asteroid
samples (Hewson et al,, 2014) and data from three echinoid
samples (Gudenkauf et al., 2014) were included as part of this
analysis.

Metagenomic Analyses

We imported resulting forward and reverse Illumina read
sequences into CLC Genomics Workbench 4.0 and conducted de
novo assembly on sequence reads using an assembly algorithm
(length fraction 0.5, similarity 0.8, global alignment, vote on
uncertain nucleotides, non-specific-matches randomized, and
minimum contiguous sequence length of 500 nucleotides),
generating contiguous fragments (contigs). Duplicate reads made
up only a small percentage of reads within each library. Next, we
identified open reading frames on contiguous sequences using
the GetORF algorithm (EMBOSS) and subjected the resulting
sequences to BLASTx analysis against the NCBI non-redundant
(nr) protein database at the Cyberinfrastructure for Advanced
Microbial Ecology Research and Analysis (CAMERA2). The
strongest ORF similarity (i.e., lowest E-value, with an E-value
cutoft of 0.001) per contig was used in further analyses.

Statistical Analysis

Two analyses of metagenomic composition were performed.
First, we noted the number of assembled contigs per identified
organism for quantitative statistical analyses on virome
composition. The relative proportion of each viral genotype
within a particular library was calculated as a percentage of the
total number of viral genotypes identified in the library. Next,

we binned viral genotypes at the family level of phylogeny.
Then, we calculated a Bray-Curtis pairwise similarity matrix
between libraries using XLSTAT (Addinsoft SARL) and heat
mapping on the similarity matrix to permit visualization of
the similarity of viral metagenomic compositions. Next, we
performed two-dimensional scaling analysis (absolute model,
Kruskal’s stress, random initial configuration, five repetitions,
stop condition at 0.00001 convergence/500 iterations) and
agglomerative hierarchical clustering (unweighted pair-group
average, automatically truncated) on non-bacteriophage
annotations (also not including unclassified viruses). We also
calculated mean similarity (by averaging Bray-Curtis similarity
index values) and standard error between and across the host
phyla studied both including and removing bacteriophage
sequences.

Phylogenetic Analysis

Three groups of eukaryotic viruses that were observed in
viromes from multiple host phyla were chosen for phylogenetic
analysis. These groups consisted of viruses from families
Parvoviridae, Circoviridae, and Phycodnaviridae. The phylogeny
of the viral sequence with the greatest representation in each
library was determined by comparison with the closest BLASTx
match against the RefSeq Database at NCBI. Metagenomic
sequences and their closest matches in GenBank were
aligned using CLUSTALW (Thompson et al, 1994) and
bootstrapped phylogenetic trees (1000 iterations) were drawn
by the Neighbor Joining algorithm (complete linkage) and
visualized using TREEVIEW (Page, 1996). Trees were rooted
with an evolutionarily distant out-group.

RESULTS AND DISCUSSION

Metagenomic Annotation
Mlumina sequence reads varied from about 180 to 600 bp and
sequencing of viromes prepared from echinoderms, arthropods,
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cnidarians, and urochordates yielded between 33,673 and
1,677,426 contiguous sequence per library (Table 2). Of these,
between 0.06 and 88.03% matched viral genomes, with the
remaining sequences corresponding to bacterial, archaeal, or
eukaryotic genome fragments. This is similar to the results
of previous studies that utilized similar viral genome isolation
protocols, and likely results from DNA released from host,
bacterial, and/or archaeal cells during the tissue homogenization
process (Hewson et al., 2011a, 2013; Gudenkauf et al., 2014).
The low number of viral annotations may be a result of lack
of representative viral genomes in public databases (Weynberg
et al., 2014). The wide range of contig sequences could have
resulted from differences in host tissue mass, amounts of mucosal
epithelia from which viruses were extracted, or from differences
in viral load.

Overview of Viral Metagenomic
Composition

Thirty-four viral families were represented within 41 viromes.
Pisaster ochraceus (diseased 2, Santa Cruz) and Pycnopodia
helianthoides (diseased 2, Seattle Aquarium), members of
the Echinodermata phylum, harbored the most diverse viral
assemblages, with 15 viral families represented in each. Evasterias
troscheli (healthy, Friday Harbor Lab) and P. helianthoides
(healthy, Friday Harbor Lab), also echinoderms, had the least
diverse viral assemblages, with only two families represented in
each virome.

Bacteriophage comprised the vast majority of viral
annotations in all samples (Figure 1). This is not surprising, as
bacteria exist within healthy epithelial tissues of echinoderms
(Becker et al., 2007, 2009), on healthy cnidarian sea fan tissues
(Gil-Agudelo et al., 2006), within epithelial and hepatopancreatic
tissue of decapoda (Goffredi et al., 2008; Guri et al., 2012; Nunan
et al., 2013), within healthy epithelial tissues of amphipoda

(Mengoni et al., 2013), and tunicates (Pérez-Matos et al., 2007).
Because the surfaces of the metazoans were not cleaned or
scrubbed prior to tissue amendment, some of these observations
likely derive from viruses that resided upon the organisms’
exterior surface, caught in epithelial mucus or infecting bacteria
there.

The viral group comprising the greatest proportion of
sequences in libraries—the phycodnaviruses—was significantly
higher (p < 0.0001, Students t-test, df = 38) compared to
the next most well-represented group, the parvoviruses, which
in turn was significantly higher (p < 0.000001, Student’s ¢-
test, df = 38) than the next most abundant group, the
retroviruses. Our observation of bidnaviruses and asfiviruses
in Echinodermata, circoviruses, and densoviruses in Chordata,
iridoviruses in Echinodermata and Chordata, and arteriviruses
and nucleopolyhedroviruses in Arthropoda extend the potential
host ranges of these viral families. Of viral groups, only the
totiviruses (in Cnidaria), nimaviruses (in Urochordata), and
arteriviruses (in Arthropods) were unique to the phyla sampled,
with the remaining viral annotations shared between at least two
phyla.

Similarities and Differences between
Viromes of Different Marine Invertebrate
Phyla

The viral assemblages of marine invertebrates are generally
disparate both within and between host phyla (Tables 3, 4).
Chordate-derived viromes are the most similar, at 69.4%
mean similarity (Bray-Curtis similarity index), while arthropod-
derived viromes are the least similar, at 18.1%. These differences
could have resulted from differences in feeding patterns, as
P. chilensis is a filter-feeder, while the arthropods studied
are herbivores or detritivores. These observations could also

TABLE 2 | The number of contiguous sequences (viral, bacterial, archaeal, eukaryotic), annotated viral contigs, and percentage of viral contigs resulting

from the sequencing of viromes from samples listed in Table 1.

Sample Phylum Contiguous sequences Viral contigs % Viral contigs (%)
Orchestoidea californiana Arthropoda 1,360,003 1,068,508 78.6
Peramphithoe femorata Athropoda 599,142 69,164 11.5
Neotrypaea californiensis Arthropoda 398,620 214,006 53.7
Halocaridina rubra Arthropoda 473,250 9820 2.1
Gorgonia ventalina (H) Cnidaria 195,470 172,069 88.0
Gorgonia ventalina (D) Cnidaria 460,721 394,775 85.7
Pyura chilensis 1A Chordata 273,024 142,900 52.3
Pyura chilensis 2A Chordata 214,449 79,973 37.3
Pyura chilensis 2B Chordata 241,045 148,244 61.5
Pyura chilensis 3A Chordata 62,623 25,718 411
Pyura chilensis 4A Chordata 1,677,426 628,094 37.4
Pyura chilensis 4B Chordata 655,771 462,093 70.5
Pyura chilensis 5A Chordata 786,281 296,976 37.8
Pyura chilensis 5B Chordata 683,419 473,197 69.2

Data for asteroids and echinoids has been previously reported in Hewson et al. (2014) and Gudenkauf et al. (2014), respectively. Pyrura chilensis replicate samples labeled by “A” indicate
those prepared with GenomePlex®, while those labeled with “B” indicate those prepared with GenomiPhi®.
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FIGURE 1 | Combined heat map of viral family abundance and agglomerative hierarchical clustering (AHC) dendrogram visualizing relatedness
between viral communities of sampled hosts at the viral family level. The dendrogram was created by unweighted-pair-group-mean average (UPGMA) and
was based on the Bray-Curtis Similarity Index, and includes bacteriophage (see Figure 2 for patterns of clustering in the absence of bacteriophage).
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result from differences in motility, as P. chilensis is stationary
throughout its lifespan, encountering the same types of
environmental viruses, while the arthropods are motile and
could be exposed to different viruses as they traverse novel
environments.

While total viral assemblages of marine invertebrates are
disparate in general, the non-bacteriophage echinoidea-derived
viromes (i.e., including only the virus families which infect
eukaryotes) are more similar to each other than to any
other group, and are clearly separate from urochordate-derived
viromes (Figure 2). Also, the individual asteroidea viromes are
highly dissimilar to one another, a difference which could have
resulted from the wide geographic range of sample collection and
concomitant exposure to different sources of viruses.

The similarities and differences observed both within and
between host phyla could have resulted from differences in
location of sample collection, feeding patterns, host physiology,
immune response, viral entry receptors, or active infection,
although pathogenesis and immune activity is not the focus
of this work. Further metagenomic studies should incorporate
greater numbers and phyla of these organisms from various

locations for greater statistical power and discrimination between
these different variables.

Trends in Viral Detection across Host Phyla
Circoviruses were found in high proportion in diseased
G. ventalina (cnidaria) and were found in low proportion
in echinoderms (Figure 1). Interestingly, these viruses were
completely absent from arthropod-derived viromes. Viruses from
the Parvoviridae family are particularly widespread in marine
invertebrate viromes, comprising a large proportion of those
from echinoderms (both asteroidea and echinoidea), but a
relatively low proportion in viromes of urochordates. Again,
these viruses were completely absent from arthropod-derived
viromes (Figure 1). Further investigation should clarify why
circoviruses and parvoviruses were not detected in this host
phylum. Phycodnaviruses were present in high proportions
in arthropod, echinoderm, and urochordate-derived viromes,
but were present in low proportion in viromes of cnidaria
(Figure 1). These differences may suggest differential exposure
of these hosts to infected algae in the surrounding water and
these algae-associated viruses. Mimiviruses were detected in high
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TABLE 3 | Pair-wise matrix of mean similarity and standard error (in brackets) of total viromes (i.e., including bacteriophage) within and between host
phyla, between asteroids and echinoids, and between GenomePlex and GenomiPhi prepared libraries (from Pyura chilensis urochordate samples).

Echinodermata Arthropoda

Cnidaria

Chordata Asteroidea GenomiPhi

Echinodermata
Arthropoda
Cnidaria
Chordata
Echinoidea

28.1% [1.114%] 24.8% [2.175%]

18.1% [4.515%]

GenomePlex

26.0% [3.130%]
15.4% [4.568%]
47.7%

35.5% [1.564%]
32.3% [4.741%]
38.2% [5.420%]
69.4% [6.106%]
20.0% [1.617%]
30.8% [1.801%]

TABLE 4 | Pair-wise matrix of mean similarity and standard error (in brackets) of non-bacteriophage viromes within and between host phyla, between
asteroids and echinoids, and between GenomePlex and GenomiPhi prepared libraries (from Pyura chilensis urochordate samples).

Echinodermata Arthropoda

Cnidaria

Chordata Asteroidea GenomiPhi

Echinodermata
Arthropoda
Cnidaria
Chordata
Echinoidea

23.2% [1.601%] 21.1% [3.360%]

19.2% [18.520%]

GenomePlex

21.9% [1.472%]
8.40% [5.927%)
26.5%

24.3% [1.318%]
37.7% [5.461%]
35.1% [5.920%]
65.8% [10.113%)
21.7% [3.465%]
6.2% [1.280%)]

proportion in four echinoderm samples (echinoidea), suggesting
that amoeba species are present in/on these host species
(Figure 1). Lastly, retroviruses were found in high proportions in
two echinoderm samples (echinoidea), perhaps indicating active
infection in these hosts (Figure 1). Future investigation should
clarify the epidemiological importance of these observations in
marine invertebrates as well as their physiological basis.

Unexpected Viruses Found within Marine

Invertebrates

Single-Stranded RNA Viruses

It is surprising that RNA viruses were detected, as only
DNA viruses were targeted using our approach. These could
have been intermediate DNA stages after conversion from
viral RNA to DNA in the host cell by reverse transcriptase
enzymes. Arteriviruses were detected in Halocaridina rubra,
with observations representing strong homology to arterivirus
proteins since the match was stringent (E-value = 0.00).
Arteriviruses have pleomorphic (usually icosahedral) enveloped
capsids and linear, positive sense genomes that are 12—
16kb in length, encoding eight to twelve genes (Snijder
et al,, 2013). Isolated arteriviruses have only been found in
mammals, although viruses from the order Nidovirales (to which
arteriviruses belong) have also been found infecting shrimp, fish,
and insects (Snijder et al., 2013). Arterivirus infection can result
in a range of effects from total asymptomatic infection to fatal
disease (Snijder et al., 2013).

Single-Stranded DNA Viruses

Previously characterized bacilladnaviruses have an enveloped
icosahedral capsid and a closed circular genome of approximately
6.7kb (Tomaru et al, 2011). These viruses infect diatoms

from the phylum Bacillariophyta and their presence within
metazoans (two P. helianthoides from Seattle Aquarium and three
E. troscheli from Cape Roger Curtis) suggests they ingested or
came into contact with infected diatoms. Sequence homology to
bacilladnaviral proteins was strong, with e-values ranging from
1.57 x 107 t0 1.90 x 1073*,

Bidnaviruses were detected in two asteroids, P. ochraceus from
Cates Park Reef and E. troscheli from Cape Roger Curtis. They
consist of non-enveloped spherical capsids enclosing two sets
of complimentary linear genomes of 6.5 and 6kb that encode
four genes (Hu et al., 2013). Hits within these asteroids represent
homologous proteins within the bidnaviral genomes, since they
had low e-values (2.24 x 1072! and 1.08 x 107%). Bidnaviruses
have only been detected previously in the insect Bombyx mori,
where they are highly pathogenic.

Circoviruses were particularly widespread amongst the
viromes and detected in cnidarians, urochordates, and
echinoderms; until recently they were only known to exist
in mammals, birds, arthropods and amphipods (Dunlap
et al, 2013). They are non-enveloped, icosahedral viruses
with a circular genome of about 2kb, and infection ranges
from asymptomatic to fatal (Delwart and Li, 2012). An
echinoderm circovirus from E. troscheli appears very similar to a
circovirus from the crustacean Labidocera aestiva. G. ventalina
circoviruses appear to be the most distantly related to crustacean,
echinoderm, and tunicate circoviruses (Figure 3). All of these
circoviruses were distantly related to mammalian and avian
circoviruses yet distinct from cycloviruses.

Densoviruses (family Parvoviridae) are non-enveloped viruses
with icosahedral capsids and linear genomes of 3-5kb that
encode two or three genes (Wang et al, 2010). Parvoviridae
were known, until recently, to only infect vertebrates, arthropods,
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FIGURE 2 | Multiple dimensional scaling plot of viral metagenomes prepared from four phyla. MDS plot represents two-dimensional scaling analysis
(absolute model, Kruskal’s stress, random initial configuration, five repetitions, stop condition at 0.00001 convergence/500 iterations). The phyla are color-coded: blue
are echinoderms, red are gorgonian octocorals, green are urochordates and purple are crustaceans. Bacteriophage and unclassified viruses are not included in this
analysis.

and echinoderms (Gudenkauf et al., 2014; Hewson et al.,
2014) but this study detected them within echinoderms,
cnidarians, and urochordates. Infection may be asymptomatic
(Berns and Parrish, 2007) or lead to mass mortality amongst
populations like Hawaiian blue shrimp (Bell and Lightner,
1984). Phylogenetic analysis corroborates observations of
virome similarity (Figure 3). Acanthaster planci and E. troscheli
densoviruses appear to be closely related to each other and to
insect densoviruses, again suggesting that echinoderm-associated
viruses are similar to those associated with arthropods. P. chilensis
densoviruses are somewhat distant from those of echinoderms
or cnidarians. All densovirus-like sequences are distantly related
to parvoviruses and bocaviruses. Parvoviruses (genus Parvovirus
of the Parvoviridae family) contain two open reading frames
while Bocaviruses (genus Bocavirus, also within Parvoviridae)
contain three open reading frames, with the third located in
the middle of the viral genome (Zhang et al., 2011; Cotmore
et al., 2014). Densoviruses infect invertebrate hosts while
parvoviruses and bocaviruses infect vertebrates (Cotmore et al.,
2014).

Double-Stranded DNA Viruses
Asfiviruses were detected in two asteroids, P. ochraceus from
Cates Park Reef and P. helianthoides from Seattle Aquarium

(second healthy sample). They have been detected primarily
in mammals (Rodriguez et al, 1996) but also in terrestrial
arthropods (Labuda and Nuttall, 2004; Hubalek and Rudolf,
2012) and have enveloped icosahedral capsids enclosing a linear
genome of 170-193kb that encodes 70 genes (Dixon et al,
2013). Infection in arthropods is asymptomatic but results in
severe hemorrhagic fever in mammals. These observations had
relatively weak expect values (8.10 x 107> and 1.60 x 10~8) and
hence may represent homologous proteins from asfiviruses or
other organisms.

Nucleopolyhedroviruses (NPV’s) along with granuloviruses
comprise a suborder of Baculoviridae and were detected as a
particularly strong hit in the amphipod Orchestoidea californiana
(E-value of 1.24 x 107%). They have enveloped baculo-
shaped capsids enclosing a closed circular genome of 120-
140 kb that encodes 100-180 proteins (Blissard and Rohrmann,
1990; Thiem and Cheng, 2009; Hewson et al., 2011b). NPV’s
typically infect insects but a recent study found them heavily
enriched in sea foam and kelp detritus (Thiem and Cheng,
2009; Hewson et al., 2011b). By inhabiting and consuming
kelp detritus O. californiana could be hosting this virus and
release desiccation-resistant multivirion capsids necessary for
viral transmission. This would indicate that NPV’s detected in the
2011 Hewson et al. study were most likely from amphipod hosts.
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FIGURE 3 | (A, Left panel) Phylogenetic representation based on a 96 aa alignment of Circovirus replication initiator protein (rep), including closest relatives based on
BLASTX comparison against the non-redundant database at the NCBI. (B, Right panel) Phylogenetic representation based on a 126 aa alignment of Densovirus
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bar represents 0.1 substitutions per site. The phyla are color-coded: blue are echinoderms, red are gorgonian octocorals, green are urochordates.
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Iridoviruses have been found within insects, mollusks,
crustacean, and cnidarians in previous studies (Williams, 2008;
Weynberg et al, 2014), but were detected in Demasterias
imbricata, P. helianthoides (second diseased sample from the
Seattle Aquarium), E. troscheli (second diseased sample from
Cates Park Reef), and GenomePlex-prepared P. chilensis samples
from Chile. They may have enveloped or non-enveloped
icosahedral capsids (depending on if they resulted from budding
or release via lysis) and contain a linear genome of 140-303 kb
that encodes a highly variable number of genes (Darai, 1989).
These hits have strong homology to iridoviral proteins, with e-
values of 5.51 x 1072,5.17 x 10719, 2.63 x 107>, 4.90 x 1073,
and 5.24 x 10716, respectively.

Phycodnaviruses are enveloped icosahedral viruses with
dsDNA genomes from 160 to 560kb in length, encoding
dozens of genes (Grimsley et al,, 2012). These viruses infect
algae, suggesting that their presence within echinoderms and
tunicates indicates that these populations consumed infected
algae. Phycodnaviruses associated with tunicates appeared
distinct from those associated with echinoderms and all
phycodnaviruses in invertebrate viromes were distinct from
distantly related phycodnavirus genotypes like Ectocarpus
siliculosis virus (Figure 4).

Pseudomonas  bacteriophages were also particularly
widespread amongst the viromes and were detected in
echinoderms, crustaceans, and tunicates (Figure1). These
phages are mostly from the Mpyoviridae family and have
non-enveloped icosahedral capsids enclosing genomes of
33-244kb encoding 40-415 proteins (Drulis-Kawa et al.,
2014). Pseudomonas phages infect the Pseudomonas genus
of y-proteobacteria and their presence reveals the existence
of Pseudomonas within or associated with hosts. Those from

P. ochraceus appear distinct from those associated with P.
chilensis. All phage were distantly related to Pseudomonas phage
PAKPI and distinct from Vibrio phage KVP40.

Persicivirga bacteriophages are recently characterized as part
of the Siphoviridae family, with non-enveloped icosahedral
capsids containing genomes of 35kb, encoding seven proteins
(Kang et al, 2012). These phages infect the Persicivirga
genus of the Flavobacteriaceae family of the Bacteroidetes
phylum and their presence within echinoderms, crustaceans,
and tunicates demonstrates the existence of Persicivirga within
or associated with these organisms. Persicivirga can degrade
complex polysaccharides produced by algae, suggesting that their
presence is closely linked to marine algae (Kang et al., 2012).
Phylogenetic analysis corresponds with observations of virome
similarity (Figure 5) as a clear separation exists between those
associated with P. chilensis and E. troscheli. Other Persicivirga
phage-like sequences are spurious hits; those from P. ochraceus
(Friday Harbor Lab, diseased 2 Santa Cruz, healthy 1 Santa Cruz,
and Olympic National Park), P. helianthoides, P. chilensis (1A,
2A, 4A, 4B), and E. troscheli (diseased 1 Cape Roger Curtis and
Friday Harbor Lab) appeared most related to Pseudoalteromonas
phage RIO-1, indicating that these phages are most likely phage
of y-proteobacteria like Pseudoalteromonas. P. chilensis 5B,
and P. ochraceus (diseased 1, Santa Cruz) phages appeared
related to Synechococcus phage S-CBS4 and are most likely not
bacteriophages of Persicivirga or Pseudoalteromonas.

Effect of Library Preparation Method on

Metagenomic Composition
Viromes prepared using two different library preparation
methods are highly dissimilar (Figures1, 2). The mean
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FIGURE 4 | Phylogenetic representation based on a 76 aa alignment of Phycodnavirus adenosylcobalamin-dependent ribonucleoside-triphosphate
reductase protein, including closest relatives based on BLASTX comparison against the non-redundant database at the NCBI. The alignment was
performed with CLUSTAL W and the tree drawn using neighbor joining. Bootstrap values of 1000 tree iterations that are >50% are indicated at branch nodes. Scale
bar represents 0.1 substitutions per site. The phyla are color-coded: blue are echinoderms, green are urochordates.
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FIGURE 5 | (A, Left panel) Phylogenetic representation based on a 146 aa alignment of Persicivirga phage portal protein, including closest relatives based on
BLASTX comparison against the non-redundant database at the NCBI. (B, Right panel) Phylogenetic representation based on a 156 aa alignment of Pseudomonas
phage helicase protein, including closest relatives based on BLASTX comparison against the non-redundant database at the NCBI. The alignment was performed
with CLUSTAL W and the tree drawn using neighbor joining. Bootstrap values of 1000 tree iterations that are >50% are indicated at branch nodes. Scale bar
represents 0.1 substitutions per site. The phyla are color-coded: blue are echinoderms, green are urochordates and purple are crustaceans.
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between-library method similarity was significantly different
(p = 10723, Student’s t-test, df = 15) to within-library method
similarity. GenomiPhi (which utilizes multiple displacement
amplification) appears to bias results in favor of circular single
stranded viruses, confirming the results of previous work (Ng
et al., 2011). Circoviruses were detected in abundances several
orders of magnitude larger within GenomiPhi-prepared samples

than in those prepared with GenomePlex, comprising 4.09% of
the P. chilensis sample 4 virome prepared with GenomiPhi and
only 0.01% of the virome prepared with GenomePlex. In contrast,
phycodnaviruses were under-represented in the GenomiPhi
library, representing only 0.02% of reads (compared to 0.93%
of reads in the GenomePlex-prepared library). Differences also
resulted from GenomiPhis failure to amplify several types
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of linear dsDNA viruses which were detected in libraries
prepared by GenomePlex. For instance, the virome derived from
GenomiPhi-prepared P. chilensis sample 4 lacked all hits to
Iridoviridae, Marseilleviridae, and Nimaviridae linear dsDNA
virus families that were present within the GenomePlex-prepared
sample. Overall, there were fewer circular ssDNA viruses, and
more strains of linear dsDNA viruses in viromes from P. chilensis
that were prepared with GenomePlex.

Our result corroborates previous studies that found that
GenomiPhi biases viromes in favor of circular single stranded
DNA viruses, resulting in variable coverage of viral communities,
leaving entire families unamplified (Kim and Bae, 2011; Marine
et al,, 2014). These results reflect the fact that the phi29 DNA
polymerase preferentially amplifies genomic regions associated
with circular ssDNA viruses during initial priming events
(Dichosa et al, 2012). We agree with previous work and
suggest that researchers choose an amplification strategy that
will minimally bias results if viral community proportions are
to be studied. If possible, PCR-free approaches will result in
the least bias. However, if viral detection is the only goal of a
study, it would be wise to use both GenomePlex and GenomiPhi
to ensure all linear ssDNA and circular ssDNA viruses are
detected.

CONCLUSIONS

This study indicates that viromes of marine invertebrates
are generally disparate both within and between host phyla.
Urochordates have the most similar viromes, while arthropods
have the least. Non-bacteriophage echinoidea viromes appear
most similar by multidimensional scaling analysis and distinct
from those derived from urochordates. Asteroidea, cnidaria,
and arthropod-derived non-bacteriophage viromes are highly
disparate. Several virus families were observed in certain
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