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Abstract

Wildlife diseases, such as the sea star wasting (SSW) epizootic that outbroke in the mid-2010s, appear to be associated with acute and/or chronic
abiotic environmental change; dissociating the effects of different drivers can be difficult. The sunflower sea star, Pycnopodia helianthoides, was
the species most severely impacted during the SSW outbreak, which overlapped with periods of anomalous atmospheric and oceanographic
conditions, and there is not yet a consensus on the cause(s). Genomic data may reveal underlying molecular signatures that implicate a subset
of factors and, thus, clarify past events while also setting the scene for effective restoration efforts. To advance this goal, we used Pacific
Biosciences HiFi long sequencing reads and Dovetail Omni-C proximity reads to generate a highly contiguous genome assembly that was then
annotated using RNA-seg-informed gene prediction. The genome assembly is 484 Mb long, with contig N50 of 1.9 Mb, scaffold N50 of 21.8 Mb,
BUSCO completeness score of 96.1%, and 22 major scaffolds consistent with prior evidence that sea star genomes comprise 22 autosomes.
These statistics generally fall between those of other recently assembled chromosome-scale assemblies for two species in the distantly related
asteroid genus Pisaster. These novel genomic resources for P helianthoides will underwrite population genomic, comparative genomic, and
phylogenomic analyses—as well as their integration across scales—of SSW and environmental stressors.

Key words: Asteroidea, climate change, conservation, kelp forest, ocean health, sea star wasting

Introduction Despite the consequences and magnitude of the SSW epizo-
otic of the 2010s—it was one of the most widespread marine
mass mortality events ever documented—a decade later we
are still struggling to understand its causes and implications
and to develop strategies for redress. One of many out-
standing questions is: why did different syntopic species of sea
stars show such different levels of susceptibility? For example,
while the sunflower sea star was singularly the most severely
affected, being driven to functional extinction across most of
its range, other sea star species (e.g. Dermasterias imbricata)
appear to have been relatively resilient to the outbreak
(Dawson et al. in press). Uncovering the genomic factors that
influence the differential risk and consequences of SSW may
provide insight into the causes and also information impor-
tant for conservation efforts. Genomic information is an es-

In 2013, an outbreak of sea star wasting (SSW) disease caused
measurable population-level impacts in over a dozen species
of sea stars (Dawson et al. in press), with approximately an-
other dozen species being documented as susceptible to the
disease (Eisenlord et al. 2016). The most severely impacted
was the sunflower sea star (Pycnopodia helianthoides), a key-
stone predator of urchins in kelp forests. The sunflower star
suffered 87.8% mortality across its northern range (Aleutian
Islands, Alaska, to Cape Flattery, Washington, United States)
and was eradicated from the ~2,700 km southern half
of its range (i.e. 99% to 100% mortality; Cape Flattery,
Washington, United States, to Baja California, Mexico; Fig.
1), leading to the species being listed as Critically Endangered
by the International Union for Conservation of Nature , X X
(IUCN; Gravem et al. 2021; Hamilton et al. 2021; Heady et sgntlal component, not only of understandlng thfe impacts .of
al. 2022). The ecological consequences have been devastating;: dlsease apd O_thef st.ressors, but also for momtonr}g diversity
explosion of urchin populations, decimation of kelp forests, in the wild, informing captive breeding and rearing efforts,

and limited signs of rebound of kelp ecosystems (McPherson and guiding translocation and/or (?Utplaﬂtiﬂs decisions
et al. 2021) including the sunflower star itself (Gravem et al. (Heady et al. 2022). Therefore, developing genomic resources
2021; Hamilton et al. 2021). that convey resistance to SSW disease and associated risk

factors can be seen as critical infrastructure development.
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Fig. 1. The sunflower sea star, Pycnopodia helianthoides, historically occurred across ~6,000 km of coastline from Alaska, United States, to Baja
California, Mexico (MX), but exceptional mortality during an outbreak of SSW beginning in 2013 halved its range, restricting the species to Alaska,
British Columbia, and northern Washington. Colored regions show estimated percent declines in sunflower sea star population density due to SSW
between 2013 and 2017; * = low confidence due to small sample sizes; based on Hamilton et al. (2021). Map modified from Heady et al. (2022) and
Gravem et al. (2021) with permission. White arrow = the sampling locality of the animal used in this study. (inset) Photograph of P helianthoides from
the Salish Sea, courtesy of Taylor Frierson, Washington Department of Fish and Wildlife.

To facilitate conservation actions for the sunflower star, we
here report the first annotated chromosome-scale reference
genome assembly for P. belianthoides. We then compare basic
descriptive statistics with other recently published sea star
genomes (Ruiz-Ramos et al. 2020; DeBiasse et al. 2022).

Methods

Collection and preparation of sample

One sunflower sea star was collected at a depth of approx-
imately 10 to 13 m from Octopus Hole in Hood Canal,
Washington, United States (47.445750, -123.113709) on
10 January 2020 by the Washington Department of Fish &
Wildlife. The specimen was biopsied and dissected tissues
were flash frozen in liquid nitrogen then stored at -80 °C.
A voucher specimen is archived in the Royal BC Museum,
Victoria, BC, Canada (specimen ID# RBCM 023-00008-001;
MODO057908R). Frozen tissue samples were shipped on dry
ice to Dovetail Genomics (Scotts Valley, California) for high
molecular weight DNA extraction, library preparation, prox-
imity ligation using Omni-C, and sequencing.

Genome sequencing and assembly

DNA was extracted using the Qiagen blood and cell culture
DNA midi kit following the manufacturer instructions. DNA
samples were quantified on a Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, California, United States). The PacBio
SMRThbell library (~20 kb) for PacBio Sequel was constructed
using SMRTbell Express Template Prep Kit 2.0 (PacBio,
Menlo Park, California, United States) using the manufacturer-
recommended protocol. The library was bound to polymerase
using the Sequel II Binding Kit 2.0 (PacBio). Sequencing was
performed on a PacBio Sequel II using 8M SMRT cells.

Wtdbg2 (Ruan and Li 2020) was used to assemble the
PacBio CLR sequence reads. Blobtools v.1.1.1 (Laetsch and
Blaxter 2017) was used to identify potential contamina-
tion in the assembly based on blast (v.2.9) results of the as-
sembly against the NT database. A fraction of the scaffolds
was identified as contaminant and removed from the as-
sembly. The filtered assembly was then used as an input for
purge_dups v.1.1.2 (Guan et al. 2020) which filtered potential
haplotypic duplications from the assembly, resulting in the
purged PacBio assembly (Table 1).
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Table 1. Assembly pipeline and programs used.

Task Software Version
PacBio CLR assembly wtdbg?2 2.5
Contamination screen blobtools 1.1.1
Blast 2.9
Duplication filter purge_dups 1.1.2
Omni-C read alignment bwa 0.7.17
Scaffolding HiRise 1.0
RNA-Seq adapter trimming Trimmomatic 0.39
Mitochondrial genome assembly MitoFinder 4.1
Repeat library generation RepeatModeler2 1.0.11
Repeat masking RepeatMasker2 4.0.7
RNA-Seq read mapping HSAT2 2.1.0
Gene prediction BRAKER3 3.0.2
GeneMark-ETP 1.0
AUGUSTUS 3.4.0
Protein sequence annotation Interproscan 5.61-93.0
Genome size and heterozygosity GenomeScope 2.0
Jellyfish 2.3.0
Genome quality control gVolante 2.0
BUSCO 5.0
Genome-genome alignment MUMmer 4.0
Dot 1.0

Software citations are listed in the text.

The purged PacBio assembly and Dovetail Omni-C li-
brary reads were used as input data for HiRise v1.0, a
software pipeline designed specifically for using proximity
ligation data to scaffold genome assemblies (Putnam et al.
2016). Dovetail Omni-C library sequences were aligned to
the draft input assembly using bwa (https://github.com/
lh3/bwa). The separations of Dovetail Omni-C read pairs
mapped within draft scaffolds were analyzed by HiRise to
produce a likelihood model for genomic distance between
read pairs, and the model was used to identify and break
putative misjoins, to score prospective joins, and make joins
above a threshold.

Transcriptome sequencing

Three different P. helianthoides specimens were used to gen-
erate RNA sequence for genome annotation (M0OD057909S,
MOD0599330, and MOD060390D; archived in the Dawson
Lab collection at the University of California, Merced). The
first specimen was a male and included tissues from the dermis,
pyloric cecum, and tube feet; the second specimen was a fe-
male and included tissues from dermis, pyloric cecum, tube
feet, and gonad; the third specimen was a male and included
tissue from the gonad. All three stars were collected from the
same locality on the same date as the genome specimen and
tissues were preserved in RNA later prior to RNA extraction.
RNA was extracted following the “Purification of Total RNA
from Animal Tissues” protocol for the Qiagen RNeasy Mini
Kit with the optional on-column DNase digestion. Tissue dis-
ruption and homogenization were achieved using two 2 mm
diameter chrome steel beads per sample, shaken at 1,500 rpm
in a Mini G 1600 tissue homogenizer for a duration of 40 to
50s.
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Total RNA was submitted to Novogene (Sacramento,
California, United States) for quality control, library prepa-
ration, and sequencing. RNA integrity and quantitation were
assessed on an Agilent 2100. Library preparation consisted
of mRNA enrichment using oligo(dT) beads and rRNA re-
moval using the Ribo-Zero kit, then mRNA fragmented ran-
domly with fragmentation buffer. cDNA was synthesized
using the mRNA template and random primers of hexamers,
followed by second-strand synthesis. After terminal repair,
A-ligation, and sequencing adapter ligation, the double-
stranded cDNA was size-selected and enriched using PCR
to generate the final library. A Qubit 2.0 was then used to
assess the library concentration, Agilent 2100 to assess the
insert size, and qPCR to quantify the library effective con-
centration. Paired-end 150 bp sequences were generated for
the libraries on a NovaSeq 6000 targeting 12 Gb of raw data
per sample.

Mitochondrial genome assembly

We used the program MitoFinder v1.4.1 (Allio et al. 2020) to
assemble and annotate a mitochondrial genome sequence for
P. belianthoides. First, we trimmed adapters and low-quality
bases from the RNA-Seq data using Trimmomatic v0.39
(Bolger et al. 2014). Trimmed RNA-Seq reads were assembled
in MitoFinder using the mitochondrial genome for Pisaster
ochraceus (GenBank accession number: NC_042741) as a
reference (Table 1).

Nuclear genome annotation

To prepare the input data—genomic sequences, short-read
RNA-Seq, and database of protein sequences—for gene pre-
diction, we performed preprocessing as follows (Table 1): We
used RepeatModeler2 v-open-1.0.11 (Flynn et al. 2020) to
generate a species-specific repeat library, and RepeatMasker2
v-open-4.0.7 (2013-2015Smit et al. 2015) to mask the ge-
nomic sequences for repeats. We mapped eight paired RNA-
Seq libraries to the genome using HISAT2 v2.1.0 (Kim et al.
2019) and sorted them with Samtools v1.13 (Li et al. 2009).
We obtained a protein sequence database from OrthoDB 11
(Kuznetsov et al. 2023) consisting of 15,257,394 sequences
from species of the clade Metazoa, using the orthodb-clades
pipeline (Bruna et al. 2023a).

For the prediction of gene loci and structures, we used the
BRAKERS3 pipeline v3.0.2 (Gabriel et al. 2023). It uses ge-
nome sequence and short-read RNA-Seq data as input to sub-
sequently run the gene prediction tool GeneMark-ETP v1.00
(Bruna et al. 2023b) and then AUGUSTUS v3.4.0 (Stanke et
al. 2006) for its annotation process. In its last step, BRAKER3
combines and filters the result of both tools into a final predic-
tion. We skipped this last step as the gene count and BUSCO
v5.4.4 (Manni et al. 2021) with metazoa_odb10 score indi-
cated that in this step too many gene models were filtered
out due to a comparably low amount of extrinsic evidence.
Instead, we used the AUGUSTUS prediction with hints as the
final gene set.

Using the resulting data—genome assembly, short-read
RNA-seq, genome annotation—we created a genome browser
hub for the UCSC genome browser (Kent et al. 2002). We
used the MakeHub software for the automated generation
of the assembly hub. For functional annotation of the pro-
tein sequences, we used Interproscan v5.61-93.0 (Jones et al.
2014).


https://github.com/lh3/bwa
https://github.com/lh3/bwa
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Nuclear genome-summary statistics

We generated k-mer counts (k=21) for Omni-C Illumina
reads with jellyfish v2.3.0 (Marcais and Kingsford 2011)
using default parameters. We used this k-mer dataset to esti-
mate genome size and heterozygosity with GenomeScope v2.0
(Ranallo-Benavidez et al. 2020) using default parameters.
We wused RepeatModeler v4.1.2-pl and RepeatMasker
v2.0.1 implemented in Dfam TETools v1.3.1 (http://www.
repeatmasker.org) to characterize repetitive transposable
elements in each genome. We used BUSCO v5.0 (Simio et al.
2015) implemented in gVolante v2.0 (Nishimura et al. 2017)
to measure the quality, contiguity, and completeness of the ge-
nome assembly by searching it against the metazoan ortholog
database (metazoa_odb10) which contains 954 core genes. To
test if a drop-off in scaffold size corresponded to the number
of predicted sea star chromosomes (Saotome and Komatsu
2002), we performed a clustering analysis on the lengths of
the longest 30 P. helianthoides scaffolds using the k-means++
method (Arthur and Vassilvitskii 2006) implemented in the
SciStatCalc  webserver  (https://scistatcalc.blogspot.com/).
The expectation is that longer scaffolds, which represent pu-
tative chromosomes, will cluster in one group while shorter
scaffolds will cluster in a second group based on a significant
change in size between the last putative chromosome scaffold
and the first non-chromosome.

Comparison to previously published sea star
genomes

We compared the P. helianthoides genome to chromosome-
level assemblies available for P. ochraceus (Ruiz-Ramos et
al. 2020) and Pisaster brevispinus (DeBiasse et al. 2022).
We generated BUSCO metrics for the Pisaster genomes as
described above. To assess homology of the P. helianthoides
scaffolds with the 22 chromosomes identified in the P.
ochraceus genome, we aligned the 22 largest P. helianthoides
scaffolds to the P. ochraceus chromosomes using the program
NUCMER in the MUMmer v4.0 package (Margais et al.

Table 2. Summary statistics and BUSCO scores for sea star genomes.
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2018) and visualized the alignment using the program Dot
(github.com/marianattestad/dot).

Results

Genome assemblies

The nuclear genome sequence was assembled into 1,610
scaffolds and was 483,884,608 bp long with an N50 of
21,765,409 bp (Table 2). Results of the BUSCO analysis
showed the genome was high quality, containing 96.1% com-
plete and partial single-copy core genes and low numbers of
missing (3.9%), fragmented (1.4%), and duplicated (0.5%)
core genes (Table 2). The genome was also highly contiguous
with 94.6% of the total sequence length contained in the
largest 22 scaffolds. The RepeatModeler and GenomeScope
analyses estimated the genome contained 43% and 34% re-
petitive sequence, respectively.

The mitochondrial genome assembly was 16,326 bp long.
The mitochondrion contained 13 protein-coding genes, 12 ri-
bosomal genes, and 22 transfer RNAs. The annotated mito-
chondrial genome assembly is available on GenBank under
accession number OR345354.

Several lines of evidence supported the hypothesis that,
like other sea stars, the P. helianthoides nuclear genome is
arranged into 22 chromosomes. The contact map showed
that the Omni-C reads aligned to the genome were organ-
ized into 22 major bins (Fig. 2A). Cluster analysis of scaf-
fold length grouped scaffolds 1 to 22 together in one group
versus scaffolds 23 to 30 in a second group (Fig. 2B).
Alignments showed the largest 22 scaffolds in P. helianthoides
corresponded well to the P. ochraceus chromosomes, with
areas of putative sequence inversion and sequence gaps across
the alignment (Fig. 2C).

Transcriptome sequencing and annotation

RNA sequencing yielded 57.2 to 85.5 million reads per indi-
vidual (median 83.3 M), after filtering reads of low quality,

Pycnopodia helianthoides

Pisaster brevispinus

Pisaster ochraceus

Citation
NCBI BioProject

Sequence methods (genomic, proximity)

This paper
PRJNA980115

Assembly length (bp) 483,884,608
Sequences 1610
Length in predicted chromosomes (%) 95

GC content (%) 39.1

Contig N50 (Mb) 1.9

Longest contig (Mb) 32.5
Scaffold N50 (Mb) 21.8
Longest scaffold (Mb) 36.9

Gaps 25N’s 675
Complete single-copy genes 904 (94.2%)
Complete + partial single-copy genes 917 (96.1%)
Duplicated genes 5(0.5%)
Fragmented genes 13 (1.4%)
Missing genes 37 (3.9%)

PacBio CLR, Omni-C

DeBiasse et al. (2022) Ruiz-Ramos et al. (2020)

PRJNA810506 PRJNAS532896
PacBio CCS, Omni-C Illumina, Hi-C
505,343,882 401,943,971
127 1,844

84 99

39.5 39.0

4.6 0.009

13.8 13.0

21.4 21.9

31.2 31.5

144 104,686

937 (98.2%) 818 (85.7%)
951 (99.7%) 914 (95.8%)
5(0.5%) 1(0.1%)

9 (0.9%) 96 (10.1%)
4(0.4%) 40 (4.2%)
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Fig. 2. (A) Contact map of Illlumina Omni-C reads mapped to the genome
assembly. The position of each R1 read is indicated along the x-axis

and the position of each R1 read’s mate is indicated on the y-axis. Each
bin in the contact map corresponds to the sequence data supporting

the physical linkage (i.e. contact) between two genomic regions. The
color scale indicates the number of read pairs in each bin. (B) Graph

of k-means clustering performed on lengths of largest 30 Pycnopodia
genomic scaffolds. Closed circles indicate scaffolds placed in group 1 and
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those that contained adapter, and those that contained more
than 10% N’s. Augustus predicted 24,184 protein-coding
genes and a total of 26,581 transcripts for these. The ratio
of mono-exonic to multi-exonic genes was 0.29. The median
number of exons was 4, while the largest number of observed
exons in a single transcript was 142. BUSCO reported a
completeness of 92.3% in the protein-coding genes, 3.6%
fragmented BUSCOs, and 4.1% missing BUSCOs.

Discussion

This first annotated genome assembly for P. helianthoides
provides a highly contiguous and largely complete
chromosome-scale resource to underwrite conserva-
tion actions for a kelp forest keystone predator. As the
eighth chromosome-scale genome assembly for sea stars,
it corroborates existing evidence for a highly conserved
number of chromosomes across Asteroidea (7 =22: Ruiz-
Ramos et al. 2020; DeBiasse et al. 2022; see also Saotome
and Komatsu 2002; Asterias rubens PRJEB33974; Luidia
sarsii PRJEB61567; Marthasterias glacialis PRJEB46624;
Fatiria  pectinifera, PRJNA882565; Plazaster borealis
PRJNA776097). This high degree of conservation of the
large-scale architecture of sea star genomes suggests they will
be amenable to phylogenomic comparisons of the impacts
of wasting and, with variation in the form of inversions
and insertion—deletions, valuable resources for explaining
differences in SSW susceptibility and impact among species
(Dawson et al. in press).

Considering the chromosome-scale assemblies for three
northeastern Pacific sea stars differentially affected by SSW—
P. belianthoides, P. ochraceus (Ruiz-Ramos et al. 2020),
and P. brevispinus (DeBiasse et al. 2022)—interpreting ge-
nomic information may be complicated by the sequencing
approach, which likely contributes to differences in BUSCO
scores (Lee et al. 2023) and assessment of repeats (Logsdon
et al. 2020). The P. helianthoides assembly used continuous
long reads (CLR) which impact alignment due to the high
sequencing error rate, while P. brevispinus used more ac-
curate circular consensus sequencing (CCS); P. ochraceus
employed only short reads. When comparing the propor-
tion of repeats, the expected increase in the percentage of
repetitive regions when using long-read technology, which
has the ability to sequence through long repeats, does occur:
24% in P. ochraceus (Ruiz-Ramos et al. 2020) versus 43.1%
in P. belianthoides and 43.3% in P. brevispinus. However,
despite the differences in accuracy in CLR relative to CCS
long-read technology, P. helianthoides and P. brevispinus
shared a similar proportion of repetitive element content.
Thus, differences in sequencing approach can contribute to
the differences seen in summary statistics and are important
but not prohibitive considerations for comparative genomic
analyses.

open circles represent scaffolds placed in group 2. (C) Whole genome
alignment between the predicted Pisaster ochraceus 22 chromosomes
(x-axis) and 22 longest Pycnopodia helianthoides scaffolds (y-axis).
Green dots represent areas of sequence alignment in the same direction
and purple dots represent areas of inverted sequence alignment in

P helianthoides (the query) relative to P ochraceus (the reference).

Light gray lines indicate chromosome and scaffold boundaries. Each
scaffold-to-chromosome alignment block is scaled by the length of the P
ochraceus chromosome (x-axis) and the P helianthoides scaffold (y-axis).
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Having a new, genomic, perspective on SSW is impor-
tant because the rapidity and severity of the 2013 SSW out-
break meant that early ecological studies tended toward
post hoc analyses and were unable to find strong evidence
of correlates with disease prevalence or morbidity (Hewson
et al. 2018; Moritsch 2018). The sudden and unpredictable
emergence and rapid progression of wasting, or wasting-
like, symptoms in captive animals also has confounded lab-
oratory experiments (Hewson et al. 2018). Given the elusive
etiology of SSW using standard procedures (e.g. Hewson
et al. 2018), we have been developing the strategy of “ge-
nomic autopsies” to infer attributes of the disease and to
identify candidate loci associated with survival of SSW
(Ruiz-Ramos et al. 2020). Initial comparisons of preexisting
ddRAD and RNA-seq datasets from P. helianthoides and P.
ochraceus mapped to the P. ochraceus genome identified po-
sitional similarity of differentially expressed genes and out-
lier alleles associated with wasting and/or with temperature
stress (Ruiz-Ramos et al. 2020). By continuing to grow the
genomic resources available within and across species and
for individuals at different wasting stages, a more complete
and nuanced understanding of the molecular and environ-
mental underpinnings of SSW should emerge. Moreover, by
comparing historical samples from the SSW outbreak versus
more recent specimens that show symptoms of wasting in
different circumstances, we aim to identify genomic profiles
that illuminate whether there is a single SSW disease or
multiple SSW-like syndromes that are being conflated and
should be considered separately.

Identifying genomic characteristics of SSW or SSW-
like symptoms may also lead to differentiating causes,
consequences, and responses. Hypothesized cause(s) of the
2013 outbreak of SSW include viral pathogen (Hewson et al.
2014;Fuessetal.,2015;Buccietal.2017), warmer temperature
(Eisenlord et al. 2016; Kohl et al. 2016; Harvell et al. 2019),
cooler temperature (Menge et al. 2016), reduced precipita-
tion (Hewson et al. 2018), dysoxia-induced dysbiosis (Aquino
et al. 2021), and/or interactions thereof (Hewson 2021),
mediated by oceanographic and/or weather conditions (Aalto
et al. 2020; Aquino et al. 2021; Hewson 2021; Dawson et al.
in press), and moderated by individual size (Eisenlord et al.
2016; Menge et al. 2016) and genotype (Schiebelhut
et al. 2018). Each of these putative causes could feasibly
leave different genomic signatures in surviving individuals
and, therefore, require different considerations (e.g. rearing
conditions or reproductive crosses) when undertaking captive
breeding.

Such differences may have a phylogenetic pattern. SSW-
associated mortality was not synchronous across species
despite broad sympatry; rather, mortality progressed taxo-
nomically, emerging first in one species and then in another,
progressing through time. Though there was some geographic
heterogeneity, in general, very early and high mortality was
observed in Order Forcipulatida, P. helianthoides (Hamilton
et al. 2021). Mortality was subsequent and less severe in
another forcipulatid, P. ochraceus (Eisenlord et al. 2016;
Montecino-Latorre et al. 2016; Dawson et al. in press). Other
taxa were affected even later and/or much less (e.g. orders
Valvatida and Spinulosida; Montecino-Latorre et al. 2016;
Dawson et al. in press). These observations of serial outbreak
suggest a phylogenomic component to susceptibility, and that
comparative genomic analyses could clarify why species were
more or less susceptible to SSW.
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Thus the annotated reference genome developed here will
provide a foundational resource that can inform genomic
autopsies of P. helianthoides and, with similar resources for
other sea star species, another step toward diagnosing shared
causes. Emerging commonalities will help fulfill the goals of
restoration efforts, to efficiently and effectively enhance pop-
ulation viability by increasing population size and genetic di-
versity (Gomes Destro et al. 2018) and adaptive potential via
genetic rescue (Hohenlohe et al. 2019). Importantly, timely
genomic analyses can ensure that we complement and aug-
ment, not replace, the natural resilience and recovery poten-
tial in the subset of populations of sunflower sea stars that
persisted through the outbreak.

Lessons learned from conservation genomics emphasize
the importance of harnessing adaptive loci, while preserving
adaptive potential, without compromising the natural selec-
tive process of wild survivors through outbreeding depression
(Hohenlohe et al.2019). Recent selective breeding programs in
mollusks with inbreeding control achieved improved disease
resistance by 15% per generation (Hollenbeck and Johnston
2018). Thus, the genomic resources generated here can em-
power managers to use genotyping to repopulate the seascape
with resistant individuals while simultaneously avoiding a ge-
netic bottleneck, which would be the likely outcome if natural
recolonization occurred stepwise (Slatkin and Excoffier 2012)
or if reintroduction used standard selective breeding to estab-
lish disease resistance (Leberg and Firmin 2008).
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