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Abstract
Sea star wasting disease (SSWD) describes a suite of symptoms reported in asteroids of

the North American Pacific Coast. We performed a metatranscriptomic survey of asymp-

tomatic and symptomatic sunflower star (Pycnopodia helianthoides) body wall tissues to
understand holobiont gene expression in tissues affected by SSWD. Metatranscriptomes

were highly variable between replicate libraries, and most differentially expressed genes

represented either transcripts of associated microorganisms (particularly Pseudomonasand
Vibriorelatives) or low-level echinoderm transcripts of unknown function. However, the pat-

tern of annotated host functional genes reflects enhanced apoptotic and tissue degradation

processes and decreased energy metabolism, while signalling of death-related proteins

was greater in asymptomatic and symptomatic tissues. Our results suggest that the body

wall tissues of SSWD-affected asteroids may undergo structural changes during disease

progression, and that they are stimulated to undergo autocatalytic cell death processes.

Introduction
Sea stars (Echinodermata: Asteroidea) are crucial components of coastal marine ecosystems,
with some considered keystone species due to their disproportionately large influence on ben-
thic community structure relative to their abundance [1]. Echinoderms periodically experience
massive mortality, often resulting in large ecosystem changes. For example, a mass mortality of
the herbivorous urchin Diadema antillarum in Caribbean Reefs in the early 1980s [2] dramati-
cally altered the composition of coral reef communities [3]; Diadema antillarum has still not
regained its pre-epizootic abundance[4]. In Nova Scotia, mass mortalities of the urchin Stron-
gylocentrotus droebachiensis shifted communities from barrens to lush kelp beds [5]. Hence,
echinoderm disease has the potential to reshape benthic invertebrate communities over short
to long time scales.

Sea star wasting disease (SSWD) describes a suite of objective clinical signs observed in aster-
oids, beginning with behavioral changes including lethargy and curling of limbs, followed by de-
velopment of lesions prior to arm autotomy, loss of animal turgor (deflation), and finally animal
death. Previous episodes of asteroid wasting have been limited to single species in restricted
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ranges. SSWD was reported in Southern California in 1978 [6], 1982–1983 [7] and 1997 [7],
and in British Columbia in 2008 [8]. Wasting-like signs were also observed in asteroids in the
South Pacific in 1984, 1986 [9] and 1999 [10]. Since June 2013, 20 species of asteroid, spanning
much of the asteroid phylogeny, and from Alaska to Baja California have died from SSWD,
making it the largest marine epizootic observed yet [11]. Sea star wasting disease is caused by a
virus-sized organism, and the most promising candidate of viruses is the sea star associated den-
sovirus (SSaDV) [11]. Densoviruses have previously been observed in urchins (echinoids) [12]
and SSaDV was detected in both ophiuroids, echinoids and asteroids, suggesting densoviruses
may be a common constituent of echinoderm holobionts. Like all marine invertebrates, echino-
derms exist in a medium containing abundant heterotrophic bacteria (~ 106 cells ml-1) that con-
sume labile organic matter, including metazoan exudates. Echinoderms also bear water vascular
systems which draw water through a sieve plate/madreporite [13]. This sieve plate permits bac-
teria-sized particles to pass into the water vascular system. The echinoderm holobiont therefore
comprises the animal itself along with bacteria and other microorganisms.

The purpose of this study is to compare the gene transcription profile of symptomatic and
asymptomatic sunflower stars (Pycnopodia helianthoides) affected by SSWD. Metatranscrip-
tomes (comprising host + associated microorganisms) were prepared from body wall tissue ex-
tracts from symptomatic and asymptomatic asteroids during the onset of SSWD in October
2013. Our results suggest that body wall tissues of SSWD-affected asteroids experience en-
hanced tissue degradation, matrix remodeling, and decreased metabolic activity compared to
asymptomatic tissues. Surprisingly, immunity-related genes are not more expressed in symp-
tomatic and asymptomatic tissues.

Materials and Methods

Sample collection
The SSWD epidemic has affected asteroids since at least June 2013, with early reports from the
Olympic National Park, WA, and shortly thereafter reports of mass mortality of asteroids in
the northern Salish Sea (August 2013) [11]. By early October 2013, SSWD was reported in the
southern Puget Sound. Asteroids at the Seattle Aquarium began to display SSWD signs by mid
October 2013. On 26 October 2013, 2 visually asymptomatic and 2 SSWD-affected (i.e. symp-
tomatic) sunflower stars (Pycnopodia helianthoides) were collected from the Seattle Aquarium.
Samples were frozen at -80°C and shipped to the laboratory at Cornell University for further
analysis.

Metatranscriptome Preparation
Samples for metatranscriptomic analysis were thawed and small tissue samples from the body wall
along a ray were excised and placed into sterile microcentrifuge tubes. RNA was extracted from
samples using the ZR RNAMini Isolation Kit (Zymo Research), and co-extracted DNA was re-
moved using the DNA-free RNA kit (Zymo Research). RNA was then amplified using the Trans-
plexWTA kit (Sigma Aldrich) following manufacturer’s recommendations and sequenced using
2 x 250 bp Illumina MiSeq chemistry at the Cornell University Biotechnology Resource Center.
Each metatranscriptome was run on 1/12th of a lane (lanes shared with un-related samples). All
sequences have been deposited at GenBank under accessions SAMN0286752-SAMN0286755.

Sequences were imported into the CLC Genomics Workbench 4.0 and trimmed for quality
(N<2 ambiguous bases) and size (sequences larger and smaller than 250 bp were discarded). A
global assembly of all 4 metatranscriptomes was performed to provide longer contiguous se-
quences which afford greater confidence in annotation. The assembly was conducted with a
minimum of 0.5 overlap and 0.8 identity. Following assembly, reads in each library were
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recruited separately to the globally assembled contigs using the same parameters as assembly.
The percentage of reads associated with each contig was corrected for total library size.

We restricted annotation to contiguous sequences which either represented a large propor-
tion of total reads across all four libraries, or those that were more than 10-fold and statistically
significantly different (p< 0.05, Student’s t-test) between asymptomatic and symptomatic tis-
sues. To establish contiguous sequences representing a large proportion of reads, the mean
value was caluclated across all four libraries and corrected for contig size (since longer contigs
may recruit more reads) by dividing percentage reads by contig length. Contigs in each catego-
ry were annotated by BLASTx comparison against the non-redundant (nr) database at NCBI,
with an expect value cut-off of 0.001.

Results and Discussion
In this study, we compared metatranscriptomes between asymptomatic and animals showing
signs of SSWD in an attempt to elucidate highly differentially represented genes which may
give clues about how SSWD affects asteroid physiology. Some asymptomatic sea stars may
have been in preclinical stages of the disease, as they lived alongside symptomatic stars. Like all
marine invertebrates and especially echinoderms, asteroids bear associated microorganisms on
their surfaces and within their water vascular systems. Our transcriptomes of host tissues
which do not select for eukaryotic or prokaryotic transcripts represent metatranscriptomes of
the echinoderm holobiont.

Metatranscriptome libraries each comprised 0.3–1.1 x 106 reads per library (Table 1). Of 3.6
million sequence reads, 3.1 x 106 recruited to 2.7 x 105 contiguous sequences. 70–93% of reads
in individual libraries recruited to globally assembled contigs. Of globally assembled contigs,
ORFs on only 4.7 x 104 contigs (17.7%) were homologous with proteins in the non-redundant
database. Bacteria comprised the greatest length-normalized proportion of read annotations
(54% of reads), while eukaryotic (37%) and viral (2%) annotations were fewer.

Amongst bacterial annotations, those associated with Pseudomonas and Vibrio comprised
the greatest proportion (normalized percentage = 3.6 and 3.0), followed by other Gammapro-
teobacteria, Firmicutes, and Mycobacteria (Fig 1A). Eukaryotic annotations were highest for
the Placozoan Trichoplax adherens and for the echinoderm Strongylocentrotus purpuratus, fol-
lowed by Nematostella vectensis and Pisaster ochraceus (Fig 1B). Viral transcripts included
genes of ssRNA and ssDNA viruses noted in previous metagenomic surveys [11]. Amongst
functionally annotated transcripts, conserved hypothetical, predicted, and domains of un-
known function made up the bulk, and proteins involved in replication, citric acid cycle, sulfur
metabolism, and aerobic respiration comprised dominant processes across all four libraries
(Fig 2). Our observation of a large proportion of bacterial genes in the body wall transcrip-
tomes, particularly those of well-known r-selected genera like Pseudomonas and Vibrio, suggest

Table 1. Asteroid holobiont metatranscriptome charactertics and assembly statistics for global analysis.

Metatranscriptome Name T1 T2 T3 T4 Global Assembly

S/A A A S S

Date 10/26/2013 10/26/2013 10/26/2013 10/26/2013

Total # Reads 1,104,495 307,895 1,060,875 1,079,434 3,552,699

# Reads Recruited to Contigs 1,031,508 261,562 971,675 758,362 3,119,777

# Contigs - - - - 265,887

All samples were from Pycnopodia helianthoides collected at the Seattle Aquarium on 10/26/13. A = Asymptomatic, S = Symptomatic.

doi:10.1371/journal.pone.0128150.t001
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they may be active constituents of the holobiont, and may rapidly respond to compromised
host tissues.

Individual metatranscriptomic libraries were highly variable, with duplicate asymptomatic
and symptomatic libraries sharing only 29% and 14% of total annotations, respectively. This
variability was higher than between asymptomatic and symptomatic transcripts (30%; i.e. repli-
cate libraries were more variable than between symptomatic and asymptomatic libraries). The
strong variability between duplicate transcriptomes influenced the detection of statistical dif-
ferences between libraries. Clustering of overall transcriptomes by the distribution amongst
pathways demonstrated strong heterogeneity between overall metatranscriptomic profiles
(Fig 3). We constrained our analysis to transcripts which were> 10 fold higher or lower in
abundance in asymptomatic than in symptomatic libraries, and considered transcripts meeting
this criterion which also were significantly (Student’s t-test, p< 0.05, df = 2) different between
tissue states. From here on these are referred to as differentially expressed genes. Transcripts

Fig 1. Twenty most abundant bacterial (A) and eukaryotic (B) phylogenetic affiliations amongst all
four metatranscriptomic libraries prepared from Pycnopodia helianthoides tissues. Phylogenetic
affilitation was determined by BLASTx analysis against the non-redundant (nr) database at NCBI. Affiliations
were normalized by dividing the percentage of reads amongst all reads by the length of contigs assigned to
that affilitation.

doi:10.1371/journal.pone.0128150.g001
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fitting these criteria were predominately low level transcripts that were expressed in both li-
braries (Fig 4), suggesting that most highly expressed transcripts were either equally present be-
tween libraries, or variability in their expression masked their statistical difference between
tissue states. The vast majority of genes significantly higher in symptomatic tissues (n = 69)
and those significantly lower in symptomatic tissues (n = 332) represented either sequences
with no homology to known proteins (40 in symptomatic>asymptomatic, 0.01% of all tran-
scripts; 36 in asymptomatic>symptomatic, 1.03% of all transcripts) or proteins of unknown
function (12 in symptomatic>asymptomatic, 0.01% of all transcripts; 86 in asymptoma-
tic>symptomatic; 0.09% of all transcripts). This large number of sequences is in line with
metatranscriptomic efforts elsewhere [14], and reflects both the large number of uncultivated
microorganisms in marine habitats and dissimilarity between sequenced echinoderm genomes
(and expressed sequence tag libraries) and P. helianthoides.

The overall pattern of differentially expressed genes (i.e. more than 10-fold and statistically
significant (p< 0.05, Student’s t-test) between asymptomatic and symptomatic tissues) reflects
tissue structural changes and disintegration, enhanced protein degradation and autocatalytic
protein modification, decreased energy metabolism, and changes in cellular signaling processes
(Fig 5). Decreases in expression of several proteins indicate that SSWDmay affect the ability of
tissues to maintain both cell turgor and cellular morphology. These include β-spectrin, an
actin-associated component of the cytoskeleton, microtubule-actin cross linking protein,

Fig 2. Twenty most highly expressed functional annotations represented in sea star transcriptomes
across all 4 libraries. Functional annotations were performed by BLASTx comparison against the non-
redundant database at NCBI. Transcript frequencies were normalized by dividing percentage of reads
associated with each annotation by contig length.

doi:10.1371/journal.pone.0128150.g002
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which functions in stress fiber formation, and advillin, which binds Ca++ to actin filaments and
has been implicated in cytoskeletal actin regulation. Additionally, enhanced expression of sev-
eral proteins suggests that SSWD induces decreases in cell adhesion via destruction of matrix
architecture and overall matrix remodeling. These include disintegrin, an antagonist of integ-
rin-extracellular matrix protein interactions, and metal efflux pumps and matrix

Fig 3. Similarity between overall metatranscriptomic profiles based on Manhattan Distance. Similarity
was calculated based on gene-level annotations, and clustered by multidimensional scaling (MDS).

doi:10.1371/journal.pone.0128150.g003

Fig 4. Graphical representation of genes that were significantly over- and under-represented amongst
all genes in syptomatic and asymptomatic metatranscriptomes. Fold change was calculated by dividing
length-normalized frequency in symptomatic by asymptomatic libraries.

doi:10.1371/journal.pone.0128150.g004
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metalloproteinases, which proteolytically degrade matrix components. We also observed ele-
vated dystroglycan transcription, a transmembrane glycoprotein that binds intracellular actin
filaments to the extracellular matrix, which may be upregulated as a compensatory response to
altered matrix architecture [15]. Taken together, these results indicate that SSWD induces
structural changes in both cells and tissues of affected P. helianthoides, resulting in alterations
in the cytoskeleton, extracellular matrix structure, and cell-matrix connections. These multi-
level structural changes may explain the tissue sloughing observed in lesions.

Alteration in transcriptional levels of signaling pathway transducers is also apparent in re-
sponse to SSWD. The transcriptional elevation in transmembrane receptor tyrosine kinase and
phosphatase, both of which have fundamental roles as regulators of many normal cellular pro-
cesses, indicates that SSWD alters mediators of kinase signaling cascades within affected cells.
This possibly results in downstream transcriptional changes and post-transcriptional protein
modifications (Fig 6). Furthermore, decreases in transcription of kinesin motor proteins sug-
gests that SSWDmay induce changes in motor-driven vesicle trafficking and in signaling and
secretion pathways that rely upon such proteins.

The lower metabolic activity-related gene transcription (i.e. NADH dehydrogenase, ATP
synthase) in cells and enhanced transcription of genes involved in protein modification,

Fig 5. Transcripts occurring at significantly greater frequency in asymptomatic and symtomatic
libraries.Only transcripts with functional annotation (vs. hypothetical or unknown function) and putative
echinoderm-derived transcripts are indicated. Annotation was based on BLASTx comparison to the non-
redundant (nr) database at NCBI.

doi:10.1371/journal.pone.0128150.g005
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degradation, and apoptosis induction (thrombospondin, ubiquitin ligase, Falconi-anemia
group-like protein, protein kinase and tyrosine protein phosphatase) suggest that SSWD affect-
ed tissues undergo significant post-transcriptional changes of proteins in response to the dis-
ease, in line with observations of lesion formation and tissue degradation. Limb abscission is a
common response of echinoderms to stress, including potentially pathogen invasion [16]. The
transcription-level processes leading to autotomy have not been previously described, however
they likely involve degradative processes, including the breakdown of extracellular matrices,
and possibly the induction of cell death.

The mechanisms by which asteroids experiencing SSWD are affected by SSaDV are not yet
fully resolved. This study suggests that SSWD affected body wall tissues of affected asteroids
may experience tissue degradation, which is consistent with outward signs of tissue sloughing
and lesion formation. Furthermore, induction of apoptotic and protein degradation genes sug-
gest that affected stars may excise or degrade compromised tissues. However, much remains to
be learned about the etiology of SSWD, since the large number of bacterial transcripts and

Fig 6. Graphical representation of pathways that were significantly higher in symptomatic or in asymptomatic sea stars.

doi:10.1371/journal.pone.0128150.g006
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greater expression of genes responsible for apoptosis may indicate host response to bacterial
holobiont constituents. Further transcriptomic study of immune-specialized cells, e.g. coelo-
mocytes, may provide further clues as to how asteroids respond to disease, and further eluci-
date the cascade of cellular changes between pathogen exposure and symptom development.
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