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Sea Star Wasting Disease (SSWD) describes a suite of disease signs that affected
>20 species of asteroid since 2013 along a broad geographic range from the Alaska
Peninsula to Baja California. Previous work identified the Sea Star associated Densovirus
(SSaDV) as the best candidate pathogen for SSWD in three species of common
asteroid (Pycnopodia helianthoides, Pisaster ochraceus, and Evasterias troscheli), and
virus-sized material (<0.22 wm) elicited SSWD signs in P helianthoides. However, the
ability of virus-sized material to elicit SSWD in other species of asteroids was not known.
Discordance between detection of SSaDV by gPCR and by viral metagenomics inspired
the redesign of gPCR primers to encompass SSaDV and two densoviral genotypes
detected in wasting asteroids. Analysis of asteroid samples collected during SSWD
emergence in 2013-2014 showed an association between wasting asteroid-associated
densoviruses (WAaDs) and SSWD in only one species (P helianthoides). WAaDs were
found in association with asymptomatic asteroids in contemporary (2016 and later)
populations, suggesting that they may form subclinical infections at the times they were
sampled. WAaDs were found in SSWD-affected P helianthoides after being absent
in asymptomatic individuals a year earlier at one location (Kodiak). Direct challenge
of R ochraceus, Pisaster brevispinus, and E. troscheli with virus-sized material from
SSWD-affected individuals did not elicit SSWD in any trial. RNA viral genomes discovered
in viral metagenomes and host transcriptomes had viral loads and metagenome fragment
recruitment patterns that were inconsistent with SSWD. Analysis of water temperature
and precipitation patterns on a regional scale suggests that SSWD occurred following
dry conditions at several locations, but mostly was inconsistently associated with either
parameter. Semi-continuous monitoring of SSWD subtidally at two sites in the Salish Sea
from 2013 to 2017 indicated that SSWD in E. troscheli and P ochraceus was associated
with elevated water temperatures, but wasting in P helianthoides occurred irrespective
of environmental conditions. Our data therefore do not support that widespread SSWD
is associated with potential viral pathogens in species other than P helianthoides.
Rather, we speculate that SSWD may represent a syndrome of heterogeneous etiologies
between geographic locations, between species, or even within a species between
locations.
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INTRODUCTION

Sea star wasting disease (SSWD) describes a suite of common
atypical gross morphological signs (loss of turgor, appearance of
lesions, limb autotomy, and loss of body wall integrity) affecting
members of the class Asteroidea, which in some cases result
in animal mortality (Eckert et al, 1999; Staehli et al., 2008;
Bates et al., 2009). Diseases have been reported more widely in
Echinoidea (Jangoux, 1987), including during the catastrophic
losses of the tropical urchin Diadema antillarum in the early
1980s (Lessios et al., 1984; Lessios, 1988, 1995, 2005). SSWD
has been reported in northeast Pacific populations since at least
2008 (Bates et al., 2009; Gravem and Morgan, 2017), and in
southern California since the late 1970s (Dungan et al., 1982).
Beginning in mid- to late-2013, SSWD was observed in the
northeast Pacific across a wide taxonomic diversity (>20 species)
of asteroids. Mass mortality associated with the disease was
first reported in the ochre star (Pisaster ochraceus) along the
Olympic Peninsula, followed within 1-2 months by reports of
mass mortality of the sunflower star Pycnopodia helianthoides
and several other species in the Salish Sea and central California
(Hewson et al., 2014). By mid-2016, the geographic range
of the disease extended from south-central Alaska to Baja
California (Multi-Agency Rocky Intertidal Network; http://www.
seastarwasting.org). SSWD resulted in catastrophic declines in
population density of some species, notably P. helianthoides
in subtidal waters (Montecino-Latorre et al., 2016; Schultz
et al., 2016). In intertidal communities, localized mass mortality
events of Leptasterias hexactis and P. ochraceus were reported
from 2010 and 2013 in Horseshoe Cove, CA (Gravem and
Morgan, 2017). Mass mortality of P. ochraceus occurred from
June to August 2014 and reduced asteroid densities 50-94%
amongst sites in Oregon (Menge et al, 2016) and in the San
Juan Islands to 25% of their pre-SSWD abundances (Eisenlord
et al.,, 2016). The loss of subtidal and intertidal asteroids was
correlated with an increase in the abundance of snails (Gravem
and Morgan, 2017) and urchins (Schultz et al., 2016), normally
prey of asteroids, suggesting that the losses of asteroids after
mortality events due to SSWD caused a trophic cascade. Strong
recruitment of P. ochraceus juveniles on intertidal coastlines
indicate that such cascades may be short-lived (Menge et al.,
2016). Hence, understanding the mechanisms by which SSWD
occur is important for predicting its impact on coastal ecology.
The causative agent of SSWD has not been fully elucidated.
The disease was associated, on a metacommunity level, with
the Sea Star associated Densovirus (SSaDV) in P. helianthoides,
P. ochraceus, and E. troscheli along its geographic range (Salish
Sea to Southern California) when surveyed in 2013-2014
(Hewson et al., 2014). In addition, virus-sized material inoculated
into one species (P. helianthoides) repeatedly elicited SSWD-
like signs (Hewson et al., 2014) and were accompanied by
enhanced expression of immune-related and tissue remodeling
genes (Fuess et al., 2015; Gudenkauf and Hewson, 2015) and
autocatalyzed cell death processes (Gudenkauf and Hewson,
2015). An apparent conundrum of SSWD is the presence (and
in at least one asteroid species the active replication) of SSaDV
in a large proportion of asymptomatic asteroids surveyed in

2013-2014, and detection of SSaDV in museum specimens since
at least 1942, well before SSWD was first observed (Hewson et al.,
2014). The rate of SSWD disease sign onset has been linked in
experiments and some locations to elevated temperature (Bates
et al., 2009; Eisenlord et al., 2016; Kohl et al., 2016), however
elsewhere SSWD prevalence negatively correlated with water
temperature (Hewson et al., 2014; Menge et al., 2016). SSWD
is also associated with the frequency of heterozygous EFla in
P. ochraceus (Wares and Schiebelhut, 2016) and transcriptomic
analyses of EFla mutants suggest that these individuals have a
greater cellular response to temperature stress (Chandler and
Wares, 2017). Despite associations of SSaDV and temperature
variation with SSWD, firm pathology of any etiological agent,
environmental or pathogenic, has remained elusive. While there
is evidence for the association between SSaDV and SSWD in
P. helianthoides, the association between any pathogen and
SSWD in other asteroid species is more tenuous and may be
multifactorial.

The aims of the present study were to: (1) examine
the association between SSaDV and SSWD in species not
targeted in prior work (Hewson et al., 2014); (2) explore the
association of SSWD with other viral agents, notably RNA
viruses; and (3) to examine patterns of SSWD occurrence in
relation to environmental conditions on a regional scale and
at semi-continuously monitored sites. We approached these
aims by re-analyzing patterns of SSaDV (and other wasting-
associated densoviruses) occurrence and by performing challenge
experiments similar to those performed by Hewson et al. (2014)
on species other than P. helianthoides. We also examined the
diversity of RNA viruses and probed their association with
SSWD by direct quantification in tissue samples, and by fragment
recruitment to viral metagenomes and host transcriptomes.
These data do not provide a clear association between SSWD
and viruses in species other than P. helianthoides as described
in previous work (Hewson et al., 2014). Rather, SSWD in other
species may be caused by heterogeneous etiologies which are
related to unmeasured environmental variables or unstudied
pathogenic agents.

RESULTS AND DISCUSSION

Hewson et al. (2014) explored the relationship between potential
viral pathogens and SSWD by three approaches: (1) examination
of potential pathogens in asymptomatic and SSWD-affected
individuals; (2) direct challenge of asymptomatic individuals with
potential pathogens; and (3) studies of pathogen transmission
and persistence in environmental reservoirs. We sought to
further understand the relationship between viruses and SSWD
through detailed study of viral occurrence and genome variation
in tissues of SSWD-affected and asymptomatic individuals (see
Supplemental Material). Based on these observations we refined
our detection approach to target wasting asteroid-associated
densoviruses (WAaDs) (including SSaDV) and to exclude related
densoviruses associated with asymptomatic individuals. We then
re-assessed epidemiological association between densoviruses
targeted by our assay and SSWD through analysis of museum
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specimens, populations of asteroids affected during SSWD
onset in 2013-2014, and contemporary (post 2015) populations.
We also examined the persistence of asteroid densoviruses
in environmental reservoirs to determine the likelihood of
their transmission between geographically disparate asteroid
populations. Finally, we examined the relationship between
RNA viruses and environmental conditions (temperature,
precipitation) and SSWD. Our data provide evidence that SSWD
may only be associated with densoviruses at some locations
and in certain species, but is unlikely to be related across the
entire geographic range or all species. Furthermore, we found
no compelling evidence for any association between RNA viruses
and SSWD. While environmental conditions may be related to
wasting mass mortality at some sites and in some species, there
were no consistent patterns of association between instantaneous
and historical water temperature or precipitation across the
entire geographic range of SSWD.

Epidemiological Assessment of the
Association Between SSWD and Wasting
Asteroid Associated Densoviruses
(WAaDs) During Initial Asteroid Mass

Mortality (2013-2014)
Discordance between detection of SSaDV by qPCR and by
viral metagenomics in asymptomatic asteroids inspired the
redesign of qPCR primers to encompass SSaDV and two
densoviral genotypes detected in wasting asteroids and exclude
apparently asymptomatic genotypes (see Supplemental Material).
To compare densoviral abundances detected using the Wasting
Asteroid associated Densoviruses (WAaDs) primer/probe set
with abundances measured with previous NS1 and VP4
primer/probe sets, we assayed tissue extracts of asymptomatic
(n = 20 for each species) and SSWD-affected (n = 20 for each
species) P. ochraceus, P. helianthoides, and E. troscheli from 2013
to 2014 that were analyzed in previous work (Hewson et al.,
2014). We included in this analysis WAaDs abundance in both
body wall tissues and in the pyloric caeca of individuals, since
initial qQPCR results using NS1 and VP4 primer sets against a
range of samples indicated the presence of SSaDV in these tissue
types. Loads of asteroid densoviruses measured using the WAaDs
primer/probe pair were mostly lower than measured by VP4, but
there was no clear relationship between WAaDs loads and loads
measured by NS1 (Supplemental Figure 1). In no sample that
was VP4 or NS1 negative were WAaDs detected, although several
samples that were VP4 or NS1 positive were not detected by the
WAaDs primer/probe pair. Thus, it is likely that VP4 or NS1
either amplified densoviruses that were homologous to SSaDV, or
spuriously amplified DNA that was not associated with SSaDV.
The mean loads of WAaDs were significantly higher in
both SSWD-affected body wall and pyloric caeca tissues of P.
helianthoides than asymptomatic tissues (Student’s t-test, p <
0.05, df = 20), however there were no significant differences
in WAaDs loads between SSWD-affected and asymptomatic
individuals of P. ochraceus or E. troscheli (Figure 1). Prevalence
(% of samples tested bearing any detectable load of WAaDs)
was higher in SSWD-affected pyloric caeca of P. ochraceus and

body wall of E. troscheli, but not different in body wall tissues of
P. ochraceus and lower in both pyloric caeca and body wall of
P. helianthoides. This data contrasts with previous work showing
significantly higher loads and prevalence of SSaDV (based on
VP4 primers) across all species. On a metapopulation level, our
data support an association between asteroid densovirus load (as
measured by the WAaDs primer/probe set) and SSWD only in
P. helianthoides, but not in either P. ochraceus nor E. troscheli.

To reassess the spatial and temporal distribution of asteroid
densoviruses, we applied the WAaDs qPCR approach to
contemporary samples collected over a wide geographic range
(Supplemental Table 1) and museum specimens (Supplemental
Table 2) in which VP4 and NSI were both detected. With the
exception of Asterias amurensis from Shandong, China, and
Asterias forbesii from the Gulf of Maine (used to design the
WAaDs primer/probe set), WAaDs were not detected in any
geographic sample. Furthermore, WAaDs were not detected in
any museum specimen tested from 1905 to 2010. Importantly,
WAaDs were also not detected in samples of P. helianthoides,
Dermasterias imbricata, Pisaster brevispinus, Pisaster giganteus,
P. ochraceus, or Patiria miniata collected from Pigeon Point, CA
(37.1822°N, 122.3961°W) in June 2012. Asteroids at Pigeon Point
were affected by SSWD in August-September 2013. These data
indicate that previous reports of SSaDV (detected by concurrent
VP4 and NS1 qPCR) as long ago as 1942 (Hewson et al., 2014)
represented non-specific detection.

Our results confirm that SSWD is associated with WAaDs on
a metapopulation level only in contemporary (2013-present) P.
helianthoides. We have no evidence that WAaDs are associated
with SSWD on a population level in P. ochraceus or E.
troscheli. In previous efforts the relationship between SSWD in
P. ochraceus and SSaDV was the weakest on both population
level, and transcription of the SSaDV capsid (VP4) gene was
~5 times higher in asymptomatic individuals than symptomatic
individuals (Hewson et al., 2014). Despite a significantly higher
load and prevalence of WAaDs in SSWD-affected asteroids
when compared with asymptomatic individuals, a very large
proportion of asymptomatic individuals also bore WAaDs
(almost 80% of asymptomatic E. troscheli, and 100% of
asymptomatic P. helianthoides) suggesting that not all infections
may lead to SSWD, or that the outcome of WAaDs infections may
be influenced by unmeasured parameters or occur sometime after
exposure. The early finding of SSaDV in nearly every population
of asteroid sampled and in a wide number of asymptomatic
individuals (Hewson et al., 2014) suggested subclinical exposure
to the virus, since asymptomatic individuals were collected either
from regions that bore SSWD-affected individuals, or were
amongst populations that wasted a short time later or after
collection (Eisenlord et al., 2016; Kohl et al., 2016). Hence, we
sought to determine the distribution of WAaDs in populations
where SSWD was absent.

Mapping the Contemporary (Post-2015)
Distribution of WAaDs in Northeast Pacific

We examined asteroids to determine the geographic distribution
of SSWD and WAaDs in contemporary (2015-2017) asteroid
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(PC) tissues. Error Bars = SE. *p < 0.05 (Student’s t-test, df = 20).

1.E+07
OAsymptomatic *
1.E+06
B B SSWD-affected
E
S1E+05
-5
3
81404
3"
B
1.E+03
1.E+02
Evasterias  Pisaster ochraceusPisaster ochraceus  Pycnopodia Pycnopodia
troschelli BW Bw PC helianthoides BW  helianthoides PC
1
09 - DAS)'“[Xomat
202 | @ SSWD-Affected
£0
& 0.7 1
a 06
205 -
S 05
5
§_ 03 4
E 0.2 4
0.1 4
o T T T T
Evasterias  Pisaster ochraceusPisaster ochraceus  Pycnopodia Pycnopodia
troschelli BW Bw PC helianthoides BW helianthoides PC

FIGURE 1 | Comparison of WAaDs load (Top) and prevalence (Bottom) between asymptomatic and SSWD-affected individuals in body wall (BW) and pyloric caeca

populations that were also affected by SSWD during the 2013-
2015 mass mortality event. We performed a survey of asteroids
at 13 stations in deep (30-45 m) subtidal waters of the Salish Sea
in January 2016. A total of 108 individuals were collected across
all stations, where most individuals were the non-SSWD affected
Henricia spp. (n = 61), but also several taxa (P. helianthoides,
E. troscheli, Mediaster aequalis, and Orthasterias kohleri) that
experienced significant population declines by mid-2015 (Kohl
et al, 2016; Montecino-Latorre et al., 2016) (Supplemental
Table 3). SSWD was not observed in any individual at any
site. However, WAaDs were detected in several specimens,
with greatest load in P. brevispinus and P. helianthoides, two
species heavily affected by SSWD in terms of population
density (Montecino-Latorre et al., 2016) (Figure 2). WAaDs were
detected at sites heavily affected by SSWD between 2013-2015,
including the central Puget Sound and the San Juan Islands
(Figure 3). The observation of WAaDs in asteroids that lacked
SSWD (which were collected during winter), and also in several
species that were not known to be affected by SSWD in the
2013-2015 event (e.g., Crossaster papposus, Pteraster tesselatus,
and Henricia spp.) suggests that WAaDs may have a wider host
range than stars affected by SSWD. If associated with SSWD in

these species, WAaDs may cause subclinical infections during
winter months. We also examined the presence of WAaDs in
sediments and net plankton collected at the same sites and times
as asteroid samples, but WAaDs were not detected in any sample
suggesting WAaDs do not form environmental reservoirs in
these compartments. In addition to asymptomatic populations
in the Salish Sea, we also examined samples of asymptomatic
(n = 57) and SSWD-affected (n = 68) P. ochraceus collected
from coastal Oregon, and asymptomatic (n = 6) and SSWD-
affected (n = 6) Leptasterias spp. from northern California
(Supplemental Table 4), and did not detect WAaDs in any sample.
Finally, we sought to determine whether asteroids from deeper
habitats adjacent to affected populations bore WAaDs. Several
species of asteroid (including Rathbunaster californicus, a sister
species to P. helianthoides) were obtained by ROV in waters from
150-690 m on the Southern California Borderland in July 2016
(Supplemental Table 3). However, no tissue samples from these
deep waters bore WAaDs.

Because WAaDs were not intimately associated with SSWD in
the field beyond P. helianthoides, potentially due to subclinical
infection at certain times of the year, or perhaps in exposed
by asymptomatic individuals within populations, we sought to
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species. Error bars = SE of all individuals tested.
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find unexposed populations of SSaDV that could be tracked
as the disease appeared and populations of asteroids that
bore SSaDV/WAaDs which lacked SSWD altogether. Asteroids
(n = 89) were collected from Dutch Harbor and Kodiak Island
in March 2015 (Supplemental Table 3); these represented the
furthermost accessible populations from the current SSWD event
affecting stars during the 2013-2015 event. qPCR using both
SSaDV and WAaDs primer sets did not detect these in any
individual. However, in August 2016 asteroids around Kodiak
Island, including those maintained in a flow-through aquarium at
the National Fisheries Service office on Near Island (sampled in
March 2015) experienced widespread wasting. Four individuals
tested (2 P. helianthoides, 1 E. troscheli, and 1 Henricia sp.)
were positive for WAaDs and had tissue loads of 3.3-6.5 x 10°
copies mg~!, which are amongst the highest loads measured in
any tissue sample in this study. SSWD has not been observed
(as of October 2017) in Dutch Harbor, nor further west on the
Aleutian Island chain. Samples of asymptomatic P. helianthoides,
E. troscheli, and S. stimpsoni from Adak, Attu, and Yunaska
Island collected from June 2017 (Supplemental Table 3) yielded
no significant WAaDs hits in any tissues. Additional samples of
asymptomatic asteroids collected from Ketchikan, AK, in March
2017 (a site which experienced SSWD mortality during the period
from 2014-present) were positive for WAaDs only rarely; Only 1
of 8 P. ochraceus, 1 of 10 D. imbricata, 2 of 5 P. helianthoides,
and 2 of 12 E. troscheli had a detectable WAaDs level (>10 copies
mg~!) in any tissue sampled.

The presence of WAaDs in asymptomatic asteroids in
southeast Alaska and the Salish Sea may suggest that WAaDs
do not elicit disease in those species in which they are detected
(i.e., asymptomatic infections), or that these represent exposed

asteroids which do not develop SSWD until sometime later. The
appearance of WAaDs during the arrival of SSWD on Kodiak
Island in summer 2016 (which were absent in a survey performed
a year earlier) is consistent with an association between the virus
and the disease. However, lack of detection of WAaDs in SSWD-
affected P. ochraceus and Leptasterias spp. in coastal California
and Oregon suggest that WAaDs may not be associated with
SSWD in these species, or any association is specific to certain
locations.

Viral Challenge of Asymptomatic Asteriids
Previous experimental challenge of P. helianthoides with virus-
sized (<0.2wm) homogenate (VSH) from symptomatic tissues
of the same species yielded disease signs within 7-10 d, and
further challenge on asymptomatic individuals with VSH from
experimentally-induced SSWD-affected individuals on other
asymptomatic individuals yielded similar results (Hewson et al.,
2014). Challenge experiments on the other two species of focus
(P. ochraceus and E. troscheli) were not performed as part of the
previous study.

To confirm the absent correlation between WAaDs and SSWD
exhibited by qPCR detection, we performed direct challenge
of asymptomatic E. troscheli, P. ochraceus, P. brevispinus, and
the Atlantic species A. forbesii with VSH from SSWD-affected
asteroids (Supplemental Table 5). A key hurdle in interpreting the
response of challenged asteroids to VSH was the lack of SSaDV-
naive individuals for experimental challenge. Based on surveys
of SSaDV prevalence (see above) we collected E. troscheli from
Dutch Harbor in September 2015 (Supplemental Table 3). These
E. troscheli, along with P. ochraceus, P. brevispinus collected from
Whidbey Island, Puget Sound, and A. forbesii collected from
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FIGURE 3 | Distribution of WAaDs amongst asteroids collected in the Salish
Sea in January 2016. The size of the pie chart is proportional to the number of
individuals sampled across all species. X marks stations where asteroids were
not recovered. The proportion of individuals bearing WAaDs are indicated in
dark gray, while WAaDs-negative individuals are indicated in light gray. The
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Langley and Coupeville are also indicated.

the Gulf of Maine, when challenged with VSH, did not develop
SSWD signs in most experiments. Wet weights, used as a proxy
for animal deflation, were not significantly different between
control individuals and challenged individuals in any experiment
(Supplemental Figures 2, 3). Righting time, which was used to
estimate animal activity (Watts and Lawrence, 1990; Gutowsky
et al., 2016), was not different between control and VSH
inoculated A. forbesii (Supplemental Figure 4). While solitary
lesions (i.e., one per individual tested) and arm curling were
induced in P. ochraceus challenged with tissues from a severely
diseased individual of the same species in one experiment,
the lack of progression to a higher SSWD category or even
appearance of additional lesions after 7 d of monitoring suggest
that the signs observed were not consistent with SSWD in field
populations (Menge et al., 2016).

Data from repeated challenge experiments provide no
evidence that VSH elicit SSWD in any northeastern Pacific
asteroid examined in this study. In particular, the lack of
inducible SSWD with viral challenge in E. troscheli and P.

ochraceus is consistent with epidemiology-level study showing no
association between WAaDs and SSWD in field samples. These
data contrast with previous work on P. helianthoides in which
affected animals experienced arm curling, deflation, and the
appearance of multiple lesions (and in some cases autotomy and
death) (Hewson et al., 2014) and suggest non-uniform etiologies
for SSWD across different asteroid species.

Investigation of Densoviral Stability and

Potential for Viral Transmission

The spread of WAaDs between populations (e.g., appearing
in Kodiak in August 2017 after being previously absent, and
being present mainly in samples in the central Salish Sea) raise
interesting questions about how WAaDs may be transmitted
between individuals in the wild. The rapid onset of SSWD
and apparent wide geographic distribution of SSaDV in 2013-
2014 amongst SSWD-affected populations suggested that the
virus was highly transmissible between individuals, or that
subclinical infections were widespread before the onset of mass
mortality (Hewson et al., 2014). Viruses may spread between
individuals through direct contact, as free particles through the
water column, vertically to offspring, and through secondary
hosts, fomites or other vectors. Initial movement of SSWD along
coasts in Southern California and the Salish Sea in 2013, and
observations of SSWD in aquariums suggested the presence of
a potentially waterborne agent. The sand filters through which
incoming waters into public aquaria were passed contained
detectable SSaDV, and effective pore size of such filters indicated
that the agent was likely submicron in size (Hewson et al,
2014). Furthermore, aquarium systems that contained incoming
waters that were UV irradiated reportedly did not experience
SSWD, while asteroids in aquaria receiving non-UV treated
waters wasted at the same facility (Hewson et al., 2014). These
observations suggested that transmission of the pathogenic agent
occurred through the water column as free submicron sized
particles. Our lack of detection of WAaDs in sediments or
plankton of the Salish Sea at 9 sites where WAaDs were detected
in animal tissues, and at an additional 4 sites were WAaDs
were not detected, suggests that pelagic vectors (especially
zooplankton) are unlikely to move WAaDs geographically or that
the viruses are maintained on benthic surfaces.

To understand the persistence of SSaDV as free particles
in the water column, we examined the decay of SSaDV in
seawater incubations that were unfiltered and those which had
been filtered to remove particles >0.22 um. Previous studies
attribute the decay of marine viruses to labile organic matter
and UV light exposure (Heldal and Bratbak, 1991; Noble and
Fuhrman, 1997). We found that SSaDV decayed very rapidly,
with only 5-10% of initial SSaDV abundances remaining after
6h incubation. Calculated decay rates were greatest for control
incubations (3.3% h~!) and least for incubations with particles
removed (2.8% h™!) (Supplemental Figure 5). The range of both
incubations is in line with estimates of viral decay in coastal
waters (Weinbauer, 2004), but is faster than other viruses that
form resistant capsids that promote transmission when host
densities are low (e.g., nucleopolyhedroviruses Peng et al., 1999;
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Holmes et al., 2008). However, the contact rates between free
viruses suspended in seawater and benthic asteroids is low, so it is
likely that almost all viruses would decay after release and before
contacting new hosts.

The high decay rates of SSaDV, and absence of WAaDs in
environmental reservoirs (plankton and sediments) of at least
9 sites where WAaDs were detected in asteroid tissues suggest
that asteroid densoviruses are unlikely to be transmitted directly
through the water column. Hence, transmission of asteroid
densoviruses is likely due to direct contact between infected and
uninfected individuals. Therefore, our findings are not consistent
with the apparent geographic pattern of SSWD occurrence in
2013-2014 (Salish Sea and Central California, etc.), since it is
unlikely that WAaDs / SSaDV were able to transmit across
such broad geographic distances in the timeframe of SSWD
occurrence (days to weeks). We cannot, however, discount
the possibility that WAaDs/SSaDV may also have a secondary
host that moved the viruses between geographically disparate
locations.

Investigation of RNA Viruses Associated
With SSWD-Affected and Asymptomatic

Asteroids
Early efforts to understand the viral consortia associated with
asymptomatic and SSWD-affected asteroids focused on DNA
viruses (Hewson et al,, 2014). Hewson et al. (2014) also
examined RNA virus composition in two asymptomatic and
SSWD-affected P. helianthoides from the Seattle Aquarium
in October 2013. They found that most RNA viruses were
Picornaviruses and Dicistroviruses, but that no RNA viral family
was significantly different (in terms of representation in libraries)
between health states. We further examined these libraries to
identify specific viral genomes which may have contributed to
the disease. We found 11 contigs resembling Picornaviruses
and chose two (PhaDiV1 and PhaDiV3; both most similar to
Dicistroviruses) based on their coverage within metaviromes,
completion of genomes, and presence in host transcriptomes
prepared from material from the Seattle Aquarium (Gudenkauf
and Hewson, 2015) and Friday Harbor (Fuess et al., 2015).
We then performed qRT-PCR across a broad range of SSWD-
affected and asymptomatic samples from 2013 used to determine
pattern of SSaDV association with SSWD (Hewson et al., 2014).
There was no significant relationship between PhaDiV1 and
PhaDiV3 abundance and the occurrence of SSWD in P. ochraceus
and P. helianthoides, however PhaDiV3 was only detected in
SSWD-affected E. troscheli (Supplemental Figure 6). Similarly,
recruitment of RNA viral metatranscriptomes prepared from P.
helianthoides (Hewson et al., 2014) did not show a consistent
pattern in association with disease (Supplemental Table 5). Both
PhaDiV1 and PhaDiV3 had significant (e < le-10) alignments
to P. helianthoides control incubations prepared in the San Juan
Islands, however they were not observed in VSH-challenged
libraries (Gudenkauf and Hewson, 2015). Hence, the association
between either PhaDiV1 or PhaDiV3 and SSWD across all species
is unclear.

We performed additional RNA viral metagenomic surveys
to identify RNA viruses in P. ochraceus. Metagenomes were

prepared from 2 asymptomatic and 4 SSWD-affected P. ochraceus
collected from the Olympic National Park and Santa Cruz in
October 2013 (Supplemental Table 6). Metaviromes bore a total
of 72 contigs which were similar to known RNA viruses based on
BLASTx against RNA-dependent RNA polymerases (RdRps) of
known picornaviruses, and envelope proteins of coronaviruses,
flaviviruses, and nodaviruses available from NCBI. Of these,
over half (38) were found in all 6 libraries based on read
recruitment. All viral contigs present in SSWD-affected libraries
were also present in asymptomatic libraries. We speculated
that if the geographically widespread SSWD in 2013 and
beyond was the result of infection by an RNA virus, then that
putative pathogen would be found in both P. ochraceus and
P. helianthoides. Hence, we examined the presence of contig
sequences that were the same between species, regardless of their
health status. Sixteen contigs were homologous in metagenomes
prepared from both species. Re-assembly of these contiguous
sequences resulted in 4 RNA viral genomes (ARV1, ARV2,
ARV3, and ARV4; Supplemental Table 7). Recruitment of the
6 P. ochraceus RNA metaviromes prepared in this study and
4 P. helianthoides libraries (Hewson et al., 2014) revealed no
differences in recruitment pattern between asymptomatic and
SSWD-affected P. ochraceus for ARV3 and ARV4, with only a
handful of recruits from P. helianthoides (Supplemental Table 8).
ARV2 was primarily present in asymptomatic P. ochraceus and
in P. helianthoides, while ARV1 demonstrated no clear pattern in
recruitment. Recruitment against transcriptomes prepared from
P. helianthoides likewise revealed no clear pattern with disease
occurrence or treatment, with all 4 viruses present mostly in
control or asymptomatic libraries. Hence, it is unlikely that any
of these associated RNA viruses is associated with SSWD in
P. ochraceus or P. helianthoides.

The lack of clearly associated RNA viral genotypes with
SSWD in P. helianthoides and P. ochraceus suggests that agents
other than viral pathogens may have been associated with SSWD
occurrence in 2013-2014. Cellular inclusions in lesions were
not observed by histopathology (Hewson et al, 2014), and
kinetoplastids were not detected in SSWD-affected individuals,
suggesting eukaryotic protozoa were not involved in SSWD.
Furthermore, cell-size fraction (>0.2pum) metagenomes
available in  GenBank  (BioProjects =~ SAMNO08012634-
SAMNO08012636) do not bear consistent nor distinctive
eukaryotic protozoan signals that might indicate eukaryotic
associations with SSWD. Genera of bacteria inhabiting asteroids
which include pathogenic representatives (notably Mollicutes,
Spirochaetes and Vibrio spp.-like Gammaproteobacteria) do not
correspond with SSWD occurrence, and did not elicit SSWD by
challenge (see Supplemental Materials). However, SSWD may
also be influenced by, or be the direct result of environmental
conditions.

How Did Mass Mortality Correspond With

Environmental Conditions?

Concern that warming oceans may elicit increased disease and
mass mortality by altering the relationship between pathogens
and hosts (Burge et al., 2014) fueled concerns that SSWD was a
result of higher water temperatures. Two studies have examined
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the impacts of elevated temperature on SSWD appearance in
aquarium studies of asteroids (Eisenlord et al., 2016; Kohl
et al,, 2016). While both studies noted mortality of individuals
after collection, elevated temperature (Eisenlord et al., 2016)
and decreased temperature (Kohl et al, 2016) significantly
increased and decreased, respectively, the rate at which SSWD
signs appeared. Furthermore, field observations of SSWD in
natural populations of the San Juan Islands demonstrated
correspondence with late summer and hence elevated water and
air temperature and SSWD appearance (Eisenlord et al., 2016).
In contrast, Menge et al. (2016) found that SSWD in P. ochraceus
was associated with colder water temperature in Oregon, and
SSWD intensified in winter months along the pacific coast of the
Olympic peninsula (Hewson et al., 2014). These studies suggest
complex interactions of environmental variables may exacerbate
or even elicit SSWD.

To expand on previous studies to determine if environmental
variables influenced disease progression, we investigated
correspondence between two abiotic parameters (water
temperature and precipitation) and SSWD occurrence at both
regional- and local-scales. On the regional scale, we consulted
National Oceanographic Data Center Buoy data (NOAA, NWS,
USDOC, 1971) from six locations in the northeastern Pacific
(see section Methods) from 2011 to 2016, encompassing the
onset of mass mortality in 2013-2014. Across all 6 locations,
the first report of disease (the absolute onset of SSWD is
unknown) was preceded by >2 months of below 5-year average
water temperatures (Figure4). In only two of six locations
was the water temperature at or about disease onset higher
than the six year (2011-2017) mean; in Friday Harbor water
temperature was also higher than mean temperature 2 months
prior the disease event but cooler than mean temperature the
month before disease onset. Neither absolute water temperature
nor monthly rate of temperature change corresponded with
the disease onset across all locations. Logistic regression of
approximate disease occurrence (exact onset is uncertain at
most locations) against temperature was not significant at
any location (p > 0.05, Wald test, df = 11), and the same
analyses performed with +1 month and —1 month offsets
of temperature were again not significant at any location (p
> 0.05, Wald test, df = 11). Temperature in the 4 months
preceding disease onset was not significantly different (p > 0.05,
Students t-test, df = 23) than temperature in the 4 months
after disease onset across all sites. Because of uncertainties in
the date of mass mortality onset, we qualitatively observed
the same subtidal asteroid populations at two locations on
Whidbey Island (Coupeville Wharf and Langley Harbor, WA)
semi-continuously from November 2013 to October 2017.
SSWD appeared in Langley Harbor at a low incidence (<10%
of individuals) before the survey began in late 2013, however
intensified (>10% of individuals affected) in February 2014 in P.
helianthoides and in June 2014 for E. troscheli and P. ochraceus
(Figure 5). Wasting at Coupeville Wharf in both E. troscheli
and P. ochraceus was observed at a similar time. The occurrence
of high incidence SSWD in E. troscheli and P. ochraceus
corresponded with elevated water temperature in late summer
and into fall, however, high incidence P. helianthoides mortality

occurred in Spring and into Summer and did not correspond
with overall water temperature. After mass mortality of adult
P. helianthoides in Spring 2014, the abundance of juvenile P.
helianthoides increased over time, however the site experienced
considerable population decrease between July and October
2015 which corresponded with elevated water temperature.
However, logistic regression of disease in all species at both
Langley and Coupeville against absolute temperature were not
significant (p > 0.05, Wald test, df = 56 for Langley and df =
35 for Coupeville). These analyses both suggest that while some
proportion of wasting may be influenced by warm and cool
water temperature anomalies, and that wasting in some species
occurs consistently with season (notably P. ochraceus and E.
troscheli), our analysis could not identify a single or combination
of parameters of environmental conditions that universally
correspond with disease across multiple species or an entire
geographic range.

Environmental variation has been hypothesized to alter the
outcome of pathogens and their hosts. An obvious question
regarding SSWD is whether the effects of densoviruses on hosts
(if they are pathogens) may be exacerbated by temperature
anomalies. To address this, we performed two experiments in
which temperature was elevated in aquaria containing asteroids
that were exposed to asteroid densoviruses (and were positive via
qPCR to WAaDs). However, elevated temperature or controls
kept at ambient temperature resulted in no SSWD signs in
E. troscheli and P. ochraceus (Supplemental Figures 8, 9)
after 14 d incubation. Our data is therefore inconsistent with
previous reports of temperature eliciting SSWD, suggesting that
temperature is not the sole cause of SSWD in the field, or that
the impact of WAaDs on SSWD progression is exacerbated by
elevated temperature.

It is worthwhile noting that SSWD mass mortality onset
occurred concomitant with or immediately following drought
conditions in both the Salish Sea region and in central California.
Likewise, onset of SSWD mass mortality in Oregon (which
occurred after both the former regions) occurred during a period
of drought. To investigate the relationship between rainfall and
SSWD occurrence, we examined meteorological records from
each of the six stations using data from the National Climatic
Data Center (https://www.ncdc.noaa.gov/) and Environment
Canada (https://weather.gc.ca/). In all 6 locations, SSWD onset
corresponded with or was followed by elevated rainfall, and was
preceded by lower than 5-year (2011-2016) average rainfall for
1-2 months in 3 of 6 locations. In the Salish Sea (Friday Harbor
and Strait of Georgia) and Southern California, rainfall was over
2 times greater than the 5-year average after mass mortality onset.
Logistic regression of SSWD occurrence against precipitation was
not significant (p > 0.05, Wald test, df = 11) at any location,
nor was it significant with offsets of +1 or —1 month (to
account for uncertainty in disease onset). At Whidbey Island,
precipitation demonstrated little pattern with the occurrence of
SSWD mass mortality, and logistic regression of disease state
against precipitation was not significant at Langley or Coupeville.
Despite this, precipitation in the 4 months prior to disease onset
was significantly lower (p = 0.030, Students t-test, df = 23)
than the 4 months after disease onset across all locations, but

Frontiers in Marine Science | www.frontiersin.org

March 2018 | Volume 5 | Article 77


https://www.ncdc.noaa.gov/
https://weather.gc.ca/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Hewson et al.

Ecology of Asteroid Wasting Syndrome

Water Temperature

Precipitation

12
11
T
09
08

Friday Harbor

07

1 2 3 4 5§ 6 7 8 9 10 1

1

2,1 2 3 4 5 6 7 8 9 10 11 12

12
11

Strait of Georgia
1 M
L

ncdc.noaa.gov/), and Environment Canada (https://weather.gc.ca/).

©
.
o
N
HLR
S
o~ 09
g 08
&= 07
@ 1 2 3 456 7 8 9101112 1 2 3 4 5 6 7 8 9 10 11 12
8 12 4
© 1.1 | Monterey
> 2
S o
= os U ----
;1; 07 0 »
S ,,1 23 4567891011212 3 456789 101 12
5 "
> 11 | SantaMonica 3
- L
® 1Py —————Aaghkr=m—" ]
Q 2
>- 09
0O o8 U i i, Nk~ ity AT
% 07 0 ¥ -—d
O 121 .23 45678 9101112,1 23 46586789 10110
i y
‘S 11 | Newport,0 A
o 1 L e e AL o B i e
.‘g 09 -
LE .
Y e o s
07 0
121234567891011124123456789101112
1.1 q Port Alexander '3
b | PR 2
09
08 1og =/ === 2%
07 0
1 2 3 45 6 7 8 910112 1 2 3 4 5 6 7 8 9 10 11 12
Cardinal Month
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this relationship was not significant at any individual location
when considered separately. Rainfall events at the end of drought
conditions potentially bring large amounts of contaminants
from terrestrial and freshwater habitats into contact with coastal
marine habitats. For example, rainfall from urban habitats
brings large concentrations of human pathogenic bacteria and
viruses into coastal waters (Noble et al., 2006). Recently,

freshwater microcystins have been associated with mortality in
sea otter populations in central California (Miller et al., 2010),
and incubation of several invertebrates in aquaria containing
microcystin resulted in biological accumulation of microcystins
(Preece et al., 2017). We sought to examine concentrations
of microcystins in asteroid tissues experiencing SSWD from
October 2013 in the Puget Sound. Microcystin concentrations
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were highest in tissues of P. helianthoides and lower in P.
ochraceus, however there was no significant relationship in mean
microcystin concentration between asymptomatic and SSWD-
affected asteroids (Supplemental Figure 7). Direct challenge of
P. ochraceus with microcystin-LF (12.5 ug individual ~!) yielded
no SSWD after 14 d incubation. Therefore, while microcystin
is unlikely to cause SSWD, our observations demonstrate that
freshwater-derived toxins were present in asteroids during the

wasting event and may represent an additional source of
organism stress.

Taken together, these data suggest that environmental
conditions may influence SSWD, but that the relationship is not
predictable based on any combination of factors examined in this
study to explain the disease across its entire geographic range.
The strongest relationship between environmental conditions
and SSWD occurrence was in P. ochraceus and E. troscheli,
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but temperature manipulations did not result in SSWD signs
under experimental settings. Environmental conditions were
least clearly tied to SSWD in P. helianthoides. Hence, we speculate
that mass mortality caused by SSWD at Langley and Coupeville,
and indeed between other geographic regions, may have complex
relationships to environmental settings, or may be influenced
by environmental factors other than instantaneous or historical
temperature.

Conclusions and Synthesis

Our analyses demonstrate that SSWD does not have a
consistent etiology across asteroid species or locations, and
may be related instead to a diversity of potential pathogens or
environmental conditions. While WAaDs are associated on a
metapopulation level with SSWD in P. helianthoides, SSWD is
not epidemiologically related to WAaDs in other species. The
high ambient decay rate of densoviruses suggests that they may
only be transmitted when population densities are high. The
apparent absence of other promising viral pathogens and failure
to induce SSWD by viral challenge suggests that SSWD may not
consistently be related to any viral candidate pathogen in species
other than P. helianthoides. Furthermore, in areas experiencing
mass mortality of P. ochraceus in intertidal zones, the cause
of SSWD may be different to those causing mass mortality
in predominately subtidal species, such as P. helianthoides.
Perturbation experiments indicated that temperature did not
elicit SSWD in E. troscheli or P. ochraceus. Similarly, excursions of
water temperature from interannual means did not consistently
correspond with SSWD occurrence at all locations. The presence
of freshwater-derived toxins in subtidal and intertidal species
demonstrates that both may be affected by precipitation, and
SSWD occurred in regions experiencing drought, however this
was not the case across its entire geographic range. It is therefore
unlikely that SSWD results from a single etiology or is the
same disease across its entire geographic range and across all
species in which it is observed. Rather, “sea star wasting disease”
describes a similar, though not identical, set of disease signs
(i.e., “syndrome”) that afflict the same species between different
geographic regions, or between species at the same location. We
propose that SSWD be re-named “Asteroid Idiopathic Wasting
Syndrome” (AIWS) to account for this possibility. The cause of
AIWS is therefore likely a complex tango of diverse potential
pathogens and environmental conditions.

METHODS

Surveys of SSaDV and WAaDs Presence in
Contemporary Samples

Asteroids were collected during several research expeditions and
by collaborators at remote field sites (Supplemental Tables 3, 4).
Samples were collected either by hand in the intertidal zone, by
SCUBA diver, or by rock dredge. For the latter, a rock dredge was
submerged to a target depth between 30 and 45 meters, and then
towed behind the research vessel (R/V Clifford A. Barnes) for
a period of 10 min at 2 kts, collecting approximately 600 m? of
material. Dredge materials were emptied on deck, cleaned using
a saltwater hose and asteroids were recovered by hand. In all

cases, retrieved asteroids were subsampled or frozen within 2 h of
collection. For samples from Unalaska, biopsy punches (3 mm)
were used to collect body wall tissues, which were immediately
placed into 2ml of 95% EtOH. For other samples, individual
animals were frozen at —80°C or in liquid N,. Additional samples
from deeper waters in the Southern California Borderland were
retrieved using the ROV Argus and retrieved to the surface
within 2h of collection. There, animals were photographed and
placed into —80°C freezer and transported on liquid N; to
Cornell. During the January 2016 Salish Sea expedition, a 5 min
plankton tow using a 200 um mesh net was performed, and
50 ml of concentrated plankton placed into sterile 50 ml tubes and
immediately frozen on liquid N,. Additionally, a Van Veen Grab
was used to obtain surface sediment samples from each station
where asteroids were retrieved. A 2ml syringe core of material
was collected and frozen in liquid N,. DNA was extracted from
tissue and plankton samples using the Zymo Tissue & Insect Kit
and from sediments using the Zymo Soil DNA kit, then subjected
to qPCR for WAaDs as described above.

Viral Challenge Experiments

Challenge experiments were performed to study the impacts
of virus-sized homogenates (<0.2 um; VSH) on asteroid health
(Supplemental Table 9). Six experiments were performed
using VSH of various tissues, including epidermis (defined as
material scraped using a sterile razor blade from the surface
of animals including papillae, pedicellaria, paxillae, and other
easily dislodged tissues), ovaries, ventral papillae (collected
with forceps) and body wall+pyloric caeca. In addition, one
experiment was performed using whole tissue which was placed
into mussels used to feed animals. The material used to
challenge stars originated from SSWD-affected asteroids of three
species (P. ochraceus, E. troscheli, and Solaster stimpsoni). Target
animals included SSaDV-naive E. troscheli collected from shallow
(~0.2m) waters of Dutch Harbor, Alaska in September 2015,
P. brevispinus and P. ochraceus collected from Whidbey Island,
WA in May 2016, and A. forbesii collected from Coos Bay,
ME in March 2017. Homogenates of SSWD-affected individuals
were prepared by placing tissues into 30 ml artificial seawater,
which was then homogenized in a blender (NutriBullet). The
homogenate was filtered over a 0.2 wm filter and inoculated into
4-6 asymptomatic individuals in separate 40 L aquaria. Asteroids
were maintained at 14°C in darkness. Response variables
depended on the experiment, as did length of observation. In
all experiments, asteroid wet weight (after shaking off excess
water) and SSWD category was measured ~daily. In one
experiment (using A. forbesii), animal righting time (Watts and
Lawrence, 1990) was measured by measuring the time taken for
individual asteroids to move their central disc vertically after
being placed completely upside-down. SSWD staging categories
employed by the Multi-Agency Rocky Intertidal Network (http://
www.seastarwasting.org) were used to determine animal health:
Category 0—asymptomatic; Category 1—limb curling/twisting
and loss of turgor; Category 2—small lesion on a single
ray; Category 3—multiple lesions on multiple rays but no
limb autotomy; Category 4—body wall erosions, internal organ
protrusion, limb autotomy; and Category 5—animal mortality.
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Viral Decay Experiment

Decay of SSaDV was measured using the approach of Heldal and
Bratbak (1991). Tissue homogenate was prepared from a sample
of P. helianthoides collected from Gower Point, BC, Canada
on 17 October 2013 by placing 1g of body wall and pyloric
caeca in 10ml of 0.02 um filtered seawater. The homogenate
was subsequently filtered over 0.2 um Durapore filters to obtain
the virus-sized fraction, and then frozen in liquid N,. Eight
2L acid washed and seawater rinsed polycarbonate bottles were
filled with seawater. Four incubations were immediately filtered
over 0.2pum Durapore filters to remove particles, while two
bottles remained unfiltered. Bottle incubations (two filtered
and two unfiltered) were each inoculated with 2ml of virus-
sized asteroid homogenate, while the remaining filtered and
unfiltered incubations served as controls. Samples (200 ml)
were withdrawn from incubations at 0, 6, 12, 24, and 48h
and filtered by positive pressure (peristaltic pump) sequentially
through 0.2 wm Durapore and 0.02 jum Anotop filters. The filters
were immediately frozen in liquid N, before transport to the
laboratory at Cornell University. Viral DNA was extracted from
the Anotop filters using the Zymo Viral DNA kit, and SSaDV
abundance measured by qPCR as described above.

Analysis of P. helianthoides RNA

Metaviromes

For P. helianthoides-derived RNA viruses (Hewson et al., 2014),
sequence reads (BioProject SAMNO02867503-SAMNO02867506)
were assembled using the CLC Genomics Workbench 4.0 using
parameters of 0.5 overlap and 0.8 identity. Resulting contiguous
sequences were compared against an in-house database of RNA
viral RNA-dependent RNA polymerases (RARp), coronavirus and
flavivirus envelope proteins, and coat proteins of nodaviruses
collected from NCBI Genbank at 16 May 2016. Contigs matching
these databases by BLASTx at e < 10710 were further examined
by BLASTn against the non-redundant database to exclude
spurious hits. Resulting contigs (n = 11) were then vetted for
completeness of the polycistronic ORF (resulting in 4 contigs).
The four contigs were then compared against four transcriptomes
prepared as part of a prior study (Fuess et al., 2015). From
these four, two recruited reads only from a single transcriptome,
while the remaining two (PhaDiV1 and PhaDiV3) produced
alignments from all transcriptomes (Supplemental Table 5).
PhaDiV1 and PhaDiV3 were selected for further quantitation
by qRT-PCR. PhADiV1 and 3 were also compared against
transcriptomes prepared in a separate study (Fuess et al,
2015) examining viral challenge and its impacts on host gene
transcription.

dqRT-PCR of PhaDiV1 and PhaDiV3

Quantitative reverse transcriptase PCR (qRT-PCR) TagMan
primers and probes were designed around the RdRp region
of both PhaDiV1 and PhaDiV3 using Primer3 (Rozen and
Skaletsky, 2000). RNA extracts used to determine transcription
of SSaDV (Hewson et al., 2014) were used to determine the
prevalence and load of these RNA viral phylotypes (Supplemental
Table 10). Briefly, RNA was subject to reverse transcription
by Superscript III following manufacturer’s protocols. A no-RT

blank was included for each sample to account for co-extracted
DNA. cDNA was subject to qPCR using primers and probes
for each viral phylotype (Supplemental Table 11), where each
25 pl reaction contained 1X TagMan Mastermix (no UNG;
Life Technologies), 100 pmol of each primer/probe, and 2 pl
cDNA template. qRT-PCR was run in duplicate for each sample
against duplicate oligonucleotide standards spanning 10'° to 10!
copies per reaction. Viral copies (subtracting no-RT values) were
accounted for total extraction volume and weight of tissue used
for extraction.

RNA Metaviromes

Purified viruses were prepared from six P. ochraceus
(Supplemental Table 6) identically to DNA metaviromes
(see Supplemental Methods). Viral RNA was extracted
using the Zymo Viral RNA kit following manufacturer’s
protocols. Viral RNA was then amplified by the TransPlex
whole transcriptome amplification kit (WTA) kit. Resulting
DNA was sequenced on a Illumina MiSeq 2 x 150 bp
following Nextera library preparation. Libraries were subject to
assembly (0.5 overlap, 0.8 identity) using the CLC Genomics
Workbench 4.0. Contigs spectra were then compared by BLASTx
against the in-house RdARp and envelope protein databases
as described above for PhaDiV1 and PhaDiV3. Sequence
data is available at GenBank under BioProject accessions
SAMNO08012653-SAMNO08012654.

Temperature Experiments

The impact of elevated temperature was examined in three
experiments targeting two species that experienced SSWD (P.
ochraceus and E. troscheli) that had been exposed to WAaDs
(Pyloric caeca tissue loads of all 8 individuals used in the
experiments were ~10° copies mg~!). Individual asteroids were
placed into replicate 37 L aquaria containing InstantOcean, and
in which TopFin Power 10 filter units operated continuously.
For each species, two asteroids were subject to elevated
water temperature using aquarium heaters, resulting in water
temperatures of 17°C (c.f. 11°C for control incubations). The
wet weight of individuals was measured daily, and asteroids were
visually inspected for SSWD signs.

Analysis of Climate and Oceanographic

Buoy Data

To investigate the relationship between SSWD and ambient
environmental conditions, water temperature data was collected
from 6 National Oceanographic Data Center buoys in Friday
Harbor (FRDW1), Monterey (MYXC1), Santa Monica (ICAC1),
Newport OR (NWPO03), and Port Alexander AK (PLXA2)
(NOAA, NWS, USDOC, 1971), in addition to Fisheries and
Oceans Canada Buoy 46146 (Halibut Bank) (Environment
Canada; https://weather.gc.ca/). Data was obtained for the period
from January 2011 through August 2017. Five-year mean water
temperatures were calculated for each month from Jan 2011
through Jan 2016, and the ratio of water temperature to mean
temperature expressed for 5-6 months prior and after to SSWD
onset (Figure4). Meteorological data on precipitation were
also obtained from Friday Harbor Airport, Monterey Peninsula
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Airport, Los Angeles International Airport, Newport Municipal
Airport, Sitka Airport (National Climatic Data Center; https://
www.ncdc.noaa.gov/), and Vancouver International Airport
(Environment Canada; https://weather.gc.ca/) and treated the
same way.

Analyses of SSWD Presence and Intensity
at Coupeville Wharf and Langley Harbor

The appearance of SSWD in asteroid populations, along with an
estimate of overall population density of each asteroid species,
was made by recreational SCUBA divers at two sites on Whidbey
Island (Salish Sea) periodically from November 2013 to October
2017. SCUBA divers visited the same locations within the dive
area and dives lasted for approximately the same duration. Divers
collected qualitative information about: (1) Number of asteroids
observed (categories <10, 10-50, or 50+ per dive); and
(2) Disease intensity (>10% of individuals of a given species
affected, <10% of individuals of a given species affected, or
absence of disease); and (3) Whether most individuals were
juveniles or adults. The qualitative (or semi-quantitative for
abundance of P. helianthoides) data was then compared against
water temperature derived from NODC buoy Station 46120
located off Point Wells, WA (NOAA, NWS, USDOC, 1971) and
several diver-measured water temperatures in situ, along with
precipitation data collected from the nearby Whidbey Island
Naval Air Station (National Weather Service; https://www.ncdc.
noaa.gov/).

Detection and Quantification of

Microcystins in Asteroid Tissues

Samples of asymptomatic (n = 5) and SSWD-affected (n = 4)
P. helianthoides from the Seattle Aquarium (collected 10/26/13),
and asymptomatic (n = 5) and SSWD-affected (n = 5)
P. ochraceus from the Olympic National Park (collected on
9/19/2013) were used to determine microcystin concentration
using the Microcystins ELISA kit (PN520012A; Abraxis)
following manufacturer’s recommendations. In addition to
measuring ambient microcystin concentrations, P. ochraceus was
also challenged with microcystin in an aquarium experiment.
Individual P. ochraceus were placed into separate 37 L aquaria
containing InstantOcean, and in which TopFin Power 10 filter
units operated continuously. Two individuals were inoculated
with 12.5 pg microcystin-LF (Enzo Life Sciences), while two
served as controls. Animal health was monitored daily for 14 d
by visual inspection for SSWD signs.

Design of Wasting Asteroid Associated
Densoviruses (WAaDs) and Bacterial

Survey

Additional information about the design of WAaDs may
be found in Supplementary Materials. Geographic samples
(Supplemental Table 12) and densoviral genome fragments
(Supplemental Table 13), were aligned (Supplemental Figure 10)
and used to design the WAaDs qPCR primers. General PCR
primers (Supplemental Table 14) for SSaDV were designed to
test for the presence of SSaDV in historical and geographic sea
star tissue samples. Bacteria (Supplemental Tables 15-16) were

identified based on 16S rRNA, and by cultivation on sea star
tissue extracts.
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