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Fig. 3. Genome architecture of the sea star-associated densovirus (55aDV).

sea star-associated densovirus (SSaDV) (Fig. 3). The SSaDV
genome fragment bore architectural features similar to insect
densoviruses but lacked their characteristic palindromic repeats.
However, SSaDV is related to densoviruses in the Hawaiian
sea urchins (Echinoidea) Colobocentrotus atratus, Echinometra
mathaei, and Tripneustes gratilla (16) (Fig. 4), placing it near the
only other known viruses of echinoderms. Purified preparations
from three Northeastern Pacific asteroids (Evasterias troschelii,
P. helianthoides, and Pisaster ochraceus) that had wide SSaDV
representation in metagenomic libraries all contained non-
enveloped icosohedral viral particles 25 nm in size when neg-
atively stained with uranyl acetate and viewed by transmission
electron microscopy (TEM). The ultrastructure of these particles
seems similar to other known viruses in the family Parvoviridae
(Fig. 1). Comparison of viral metagenomes from symptomatic
and asymptomatic asteroids did not reveal any other candidate
viruses in tissue homogenates (see Sl Text for details), confirm-
ing SSaDV as the sole virus associated with SSWD (Fig. S1).

To determine presence and load across a wider suite of indi-
viduals, quantitative PCR (TagMan) primers were designed us-
ing Primer3 (4) specific to the nonstructural protein 1 (NS1) and
viral gene product 4 (VP4) of SSaDV (Sl Text). Quantitative
PCR (gPCR) was performed following the approach of Hewson
et al. (17), where template material comprised DNA extracted
from small excisions of body wall or tube feet and where SSaDV
copy number was divided by weight of tissue extracted.

In the experimental challenges with a virus-sized inoculum
that elicited SSWD clinical signs, SSaDV load increased as dis-
ease signs appeared. In contrast, control asteroids receiving heat-
killed virus-sized inoculum showed no SSWD signs, and SSaDV
loads decreased over time. We attribute the initial low levels of
SSaDV in the heat-treated qPCR to detection of heat-killed viral
DNA that decayed after heat treatment (Fig. 2B). The in-
oculation experiments suggest that SSaDV is transmissible and
can lead to wasting disease in exposed sea stars.

SSaDV Is Linked to Wasting Disease in Field Surveys

Due to the association of SSaDV with diseased asteroid tissues,
we examined the incidence of SSaDV among symptomatic (n =
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286 individuals) and asymptomatic (n = 49 individuals) asteroids
of 14 species. Viral load (number of SSaDV copies detected per
mg of tissue) and prevalence (i.e., percentage of samples where
SSaDV was detected) were higher in symptomatic than in
the asymptomatic animals in all three species where both
symptomatic and asymptomatic animals were obtained (Fig. 5).
However, the virus was present in both asymptomatic and
symptomatic individuals in species where animals in both health
states were sampled, including P. ochraceus, P. helianthoides, and
E. troschelii. Because SSaDV detection varied by tissue type and
location on each animal (Fig. S2), the single tissue sample taken
from each individual likely led to some false negatives (in
repeated sampling of body-wall tissues from symptomatic
P. ochraceus, SSaDV was detected in 11-38% of samples). Due to
the potential for these false negatives, it was not surprising that
we observed SSaDV in some asymptomatic asteroids. Conversely,
SSaDV in asymptomatic animals almost certainly represents viral
presence before disease signs develop because we know from our
inoculation experiment that signs can take 2 wk to progress after
inoculation (or could represent viruses present on animal surfaces
that had not yet gained entry to animal tissues).

Despite these procedural challenges, asteroids were more likely
to be diseased if they had a high viral load (Fig. 6). In our sta-
tistical models involving viral load, we started with all factors and
their first-order interaction terms. To focus our interpretation of
model effects and increase power, we sequentially removed in-
teraction terms that were not statistically significant (in order of
their associated P value) and then did the same for main effects
(this removal generally followed Akeike information criterion
model selection). For the relationship between SSaDV load and
disease, we used a logistic model of symptomatic vs. asymptomatic
to evaluate the potential independent effects of SSaDV load, as-
teroid species, geography (San Diegan province or south of Point
Conception vs. Oregonian province or north of Point Conception),
and asteroid size (measured as arm circumference) in a sample of
107 symptomatic and asymptomatic P. ochraceus, P. helianthoides,
and E. troschelii for which we had size measurements. The main
significant predictive variable for being symptomatic was the
SSaDV load [logistic regression, square root-transformed load of
SSaDV, estimate = 0.0013 (0.0008 SE) chance of being symp-
tomatic increasing with viral load, P = 0.006]. In addition, for
a given viral load, asteroids from southern sites were more likely to
be symptomatic [logistic regression, estimate = 0.95 (0.53 SE), P =
0.03] (Fig. 6). This result was consistent with analyses limited to
P. ochraceus, which was the only species sampled in the North and
South. However, neither asteroid size nor species had significant
independent or interactive effects with the other factors. Given
that viral load was the main predictor of disease, we then asked

Infectious hypodermal and hematopoietic necrosis virus isolate IHHNV-VN JN616415.1

Fig. 4. Phylogenetic representation of the sea star-
associated densovirus (S5aDV) NS1 capsid protein.
The phylogenetic tree is based on an amino acid
alignment performed by MUSCLE. The tree was
constructed based on maximum-likelihood distance.
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Fig. 8. Viral abundance in particle (i.e, >0.2 m) and virioplankton (0.2—
0.02 m) size fractions of water collected at field sites, experimental incuba-
tions, and public aquaria. Viral abundance was determined by qPCR targeting
the VP4 gene of the SSWDAV genome. Means were not significantly different.

SSaDV Present in Plankton, Sediments, and Nonasteroid
Echinoderms

Given evidence for viral transmission between asteroids in the
laboratory, we then sought to understand how SSaDV might move
between wild host individuals and populations. To investigate
whether uninfected asteroids could contact viruses free in the
water, associated with suspended particles, or in sediments, we
tested different environmental samples for SSaDV. SSaDV had its
highest abundance in the virioplankton size fraction of the water
(0.02-0.2 m) and was present in the suspended particulate
material size fraction > 0.2 m (Fig. 8). SSaDV presence in
particulate material is congruent with other observations of
parvoviruses (16) and might represent viruses adsorbed to abiotic
material, viruses in detrital particles from decayed animals, or
viruses within larval asteroids. SSaDV was also found in sedi-
ments collected from public aquaria that had experienced SSWD
several months earlier, and SSaDV was concentrated in sand
filters used to treat incoming water and between aquaria (Fig. 9).
Therefore, SSaDV might transmit between asteroids and among
populations by mechanisms other than direct contact between
diseased and healthy individuals, consistent with the observation
that SSaDV-infected asteroids shed virus into the water column
(Fig. S3). Water-column SSaDV transport helps explain how
SSWD spreads among disjunct asteroid populations.

The SSWD epizootic has hit an alarming number of asteroid
species in all shallow water habitats. Eight of 11 asteroid species
sampled from SSWD areas contained SSaDV (Fig. 4). The broad
range of species in which SSaDV was detected is unexpected
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Fig. 9. Viral abundance in sediments from aquaria and field sites and in
aquarium sand filters, as determined by qPCR targeting the VP4 gene of the
SSaDV genome.
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Fig. 10. Detection and load of SSaDV in ethanol-preserved museum specimens
from 1923 to the present. SSaDV load was assessed by qPCR targeting the VP4
gene on the SSaDV genome and normalized to extracted tissue weight. We
targeted both NS1( ) and VP4 () for this analysis because homologous viruses
and recombination may have led to spurious results in old asteroids. Both NS1 and
VP4 were found in 6 (of 67 tested) specimens from 1942, 1980, 1987, and 1991.
We also detected large loads of either NS1 or VP4 in 16 asteroids. These results
suggest that SSaDV or perhaps related densoviruses have been present in pop-
ulations of several Northeastern Pacific Coast asteroid species, at least since 1942.

because most viruses infect a narrow range of host species.
However, parvoviruses are known to infect across families, and
variations in capsid protein secondary structure can result in
variable host range (18). Parvoviruses gain entry to host cells via
transferrin receptors, which are among the most highly expressed
proteins in coelomic fluid (where, notably, it is found in coelo-
mocytes, which are a major defense mechanism against cellular
microbial infection) (19). It is also possible that receptors are
shared between closely related sea-star species. This phenome-
non is especially a possibility here because six of the eight species
known to be affected by SSWD in which SSaDV was detected
are within a single asteroid family (Asteriidae; the remaining two
were within the Asterinidae) that may share common cell-surface
features through which viruses may infect.

This broad host range inspired us to look for SSaDV in
other Northeastern Pacific echinoderms. We observed SSaDV
in sympatric, nonasteroid echinoderms, including echinoids
(Strongylocentrotus purpuratus and Dendraster excentricus) and
ophiuroids (Fig. S4). The impact of SSaDV on these taxa is
unknown; however, the presence of the virus suggests that they
could form a reservoir of SSaDV. If some echinoderms are
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