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ABSTRACT: A ciliate belonging to the Diadema antillarum scuticociliatosis (DaSc)-associated Phi-
laster clade (DaScPc) caused catastrophic long-spined urchin mass mortality in spring and summer
of 2022. The ciliate can be grown in culture in both the presence and absence of D. antillarum tis-
sues, suggesting that it may persist outside its host by consuming microorganisms or dissolved
organic nutrients. We hypothesized that DaScPc was present outside its host during and after mass
mortality and absent prior to 2022. We examined DaScPc in DNA extracted from 500 swabs of sym-
patric metazoa and abiotic surfaces, and plankton samples, collected at 35 sites in the Caribbean in
2022 and 2023. DaScPc was detected on corals, turf algae, and a sponge, predominantly at sites with
active or prior DaSc. We examined whether it was present prior to 2022 by surveying extracted
DNA from Caribbean corals and water collected near corals by PCR and by mining publicly avail-
able transcriptomes and metagenomes for DaScPc rRNAs. These efforts yielded no DaScPc genes.
We further hypothesized that DaScPc may recruit to the specific corals detected in field surveys,
and that these may then infect naive hosts. A mesocosm experiment to test DaScPc recruitment
suggested that, while it recruited to corals, it did so inconsistently between coral species. Incuba-
tion of corals that recruited DaScPc with naive urchins yielded inconclusive results since urchins
died without characteristic DaSc signs. Overall, our results suggest that DaScPc may occur outside
its urchin host, and that it may have been absent in the region prior to 2022.
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1. INTRODUCTION

The long-spined sea urchin Diadema antillarum, a
keystone species in Caribbean coral reef ecosystems
affecting the balance between coral and algal benthic
cover (Lessios 2016), experienced a mass mortality
event beginning in January 2022 that led to up to a
99% reduction in densities at affected sites (Hylkema
et al. 2023). The mass mortality event was first doc-
umented on the southern side of St. Thomas (US Virgin
Islands), then affected D. antillarum widely across the
Caribbean before dissipating by late summer. Affected
D. antillarum exhibited abnormal behavior, including
detachment from vertical surfaces, lack of response to
stimuli, loss of tube foot control, use of spines for
movement, stellate spine arrangement, loss of spines,
and, ultimately, death (Hewson et al. 2023, Hylkema et
al. 2023). The condition, known as D. antillarum scutico-
ciliatosis (DaSc), was caused by a philasterine scutico-
ciliate (Hewson et al. 2023), which forms a phyloge-
netic clade distinct from other Philaster spp., that we
refer to here as the DaSc-Philaster clade (DaScPc) (B.
Vilanova-Cuevas et al. preprint doi:10.1101/2023.09.
11.557215). The identification of DaScPc as the caus-
ative agent prompted recognition of this ciliate as an
emerging infectious threat to D. antillarum restocking
efforts and remaining urchin populations which had
previously experienced mass mortality in 1983—1984
(Lessios 2016).

More recently, urchin mass mortalities have been
observed in the Mediterranean Sea (in D. setosum;
Gokoglu et al. 2023, Zirler et al. 2023, Dinctiirk et al.
2024, Skouradakis et al. 2024), the Red Sea (D. seto-
sum and Echinothrix calamaris; Ghallab et al. 2024,
Roth et al. 2024), Oman (D. setosum; Ritchie et al.
2024), and the Western Indian Ocean (E. calamaris
and D. setosum; Roth et al. 2024, Quod et al. 2025),
where identical TRNA DaScPc sequences were re-
covered from affected urchins at most affected sites
(Ritchie et al. 2024, Roth et al. 2024, Quod et al. 2025).
These reports expand affected species to other
urchins within the Diadematidae family and indicate
that this pathogen has strong potential to invade new
areas. While significant strides have been made in
characterizing the pathogen, there is limited under-
standing of its environmental distribution and vir-
ulence beyond urchins. For instance, although DaScPc
was detected in water and sediments adjacent to
affected urchins (Hewson et al. 2023), it is unclear
whether this pathogen is normally present in the coral
reef habitat. Understanding its presence in sympatric
habitats is vital to assess risks to remaining popula-
tions and restocking efforts of D. antillarum.

Ciliates play essential roles in pelagic food webs as
components of the microbial loop. Most ciliates are
bacterivores or grazers on phytoplankton and micro-
zooplankton, and consequently aid in remineralizing
organic nutrients and cycling trace metals (Sherr &
Sherr 2002, Tuorto & Taghon 2014). Scuticociliates
are a subclass (Scuticociliatia) of ciliates that have
been linked to many marine disease outbreaks, often
referred to as scuticociliatoses. These conditions
manifest with clinical signs of epidermal or body wall
lesions, hemorrhage, ulcers, and tissue necrosis. Scut-
icociliatoses are frequently severe and often fatal
infections affecting metazoa, including teleosts, elas-
mobranchs, crustaceans, and possibly others (Saura
et al. 2019). Scuticociliates that are histophagous (i.e.
pathogens) may also be bacterivores or grazers.
However, few studies have examined bacterivorous
activity of pathogenic ciliates in nature (Kemp 1988,
Xiong et al. 2015). DaScPc culture FWC2 (initially
isolated from a DaSc-affected urchin from Florida as
part of an earlier study to identify it as the causative
agent of the condition) can be cultured in the absence
of D. antillarum tissue homogenates, so it must be
able to consume bacteria or dissolved organic com-
pounds in culture media (Hewson et al. 2023).

Coral reefs are ecologically important habitats that
harbor incredibly diverse microbial ecosystems (Rosen-
berg et al. 2007, Ainsworth et al. 2010, Barott et al.
2011, Glasl et al. 2019, Bonacolta et al. 2023). Scutico-
ciliates within the genus Philaster are consistently
associated with several coral diseases (Sweet & Séré
2016), where they may contribute to pathology
through histophagy and consumption of zooxanthel-
lae, leading to tissue damage, compromised immune
response, and, in severe cases, coral mortality (Hari-
krishnan et al. 2010, 2012). The phylogenetic proxim-
ity of DaScPc to several of these coral-associated Phi-
laster spp. brings into question whether DaScPc is a
recent introduction to the Caribbean or if environ-
mental conditions triggered DaScPc normally resid-
ing on corals to become pathogenic in D. antillarum.

The aim of this study was to examine the presence
of DaScPc in nearby habitats at DaSc-affected sites.
This study addressed 3 hypotheses: (1) DaScPc was
present on sympatric metazoan surfaces and plankton
during and after the onset of D. antillarum mass mor-
tality; (2) DaScPc was absent in the Caribbean prior to
D. antillarum mass mortality; and (3) DaScPc can
recruit to metazoan surfaces and potentially re-
emerge to infect naive host urchins. To address the
first hypothesis, we surveyed DaScPc in metazoan-
associated and plankton environments prior to, dur-
ing, and after the DaSc outbreak at affected sites, as
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well as reference sites (where DaSc never occurred).
We haphazardly sampled the surfaces of common
sympatric metazoa and plankton, along with several
abiotic surfaces. Furthermore, we explored whether
DaScPc in environmental samples was associated
with specific bacterial taxa through 16S rRNA ampli-
con sequencing of specimens where DaScPc was
detected. To address the second hypothesis, we
mined publicly available survey sequence data and
tested coral samples collected prior to the mass mor-
tality event to examine whether DaScPc pre-dated the
DaSc outbreak. To address the third hypothesis, we
performed mesocosm experiments to examine re-
cruitment of DaScPc to sympatric coral species iden-
tified in the field survey. Next, we examined the
potential of DaScPc to infect naive urchins after
recruitment to corals in aquaria.

2. MATERIALS AND METHODS
2.1. Surface sample collection and processing

Surface swab specimens (n = 489) and plankton spe-
cimens (n = 11) were collected from 35 sites at 9 loca-
tions between August 2022 and November 2023 (Fig. 1;
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m753p019_supp.pdf). Samples were
collected from sites affected (i.e. sites which bore
DaSc-affected urchins) at the time of sampling or
those which were previously affected; sites that were
never affected (i.e. reference sites); and ports/marinas.
Swab specimens were collected by snorkelers at
depths of ~1—4 m. Polyester swabs (Dry Transport Sys-
tems, Puritan Medical Products) were transported to
the survey site sealed in an air-filled transport tube
and withdrawn into the water immediately adjacent
to the swabbed surface. The swab was gently rubbed
for 10 s across a ~2 cm? surface before retrieval into the
air-filled transport tube. Live swabbed surfaces, chosen
haphazardly, were photographed to confirm the iden-
tity of invertebrate or plant species (seagrass and
macroalgae). Small boat hulls were also swabbed fol-
lowing the same procedure. At some sites, identity of
swabbed surfaces could not be determined (i.e. un-
identifiable surface swabs; n = 59), and in some cases,
the taxonomy of swabbed specimens was unclear (e.g.
macroalgae; n = 11), so they were assigned to higher
taxonomy. Swabs were transported at ambient tem-
perature to shore, where the swab tips were cut off with
clean scissors into cryovials containing RNAlater Solu-
tion (Invitrogen). Plankton samples, when collected,
comprised 200—1000 ml seawater that was filtered im-

mediately after collection through 0.22 pum polyether-
sulfone filters (VWR). The filters were folded and
placed into cryovials containing RNAlater. All spe-
cimens were stored at —80 or —20°C before transport
ondry ice to the laboratory at Cornell University.
DNA was extracted from swab tips and filters were
extracted using the Quick-DNA Insect/Tissue kit (Zymo
Research). The manufacturer's extraction protocol
(v.2.21) was followed with these exceptions: we did not
add betamercaptoethanol to the lysis buffer, bead
bashing was shortened to 2 min, and DNA was eluted
into nuclease-free sterile water instead of elution buffer.
Extracted DNA was quantified by PicoGreen fluores-
cence (Invitrogen) and subjected to quantitative PCR.

2.2. Quantitative PCR of the Philaster
28S rRNA gene

Swab and plankton samples were initially assessed
for DaScPc by quantitative PCR following established
protocols (Hewson et al. 2023). Briefly, extracted
DNA (1 pl) was subject to gqPCR in 25 pl reactions
containing 1x SSO Advanced Probes Supermix (Bio-
Rad), 200 pmol each of primers Phil_28S_F (5'-TAG
GGC AAG TCC TTG GAA TG-'3) and Phil_28S_R
(5'-TGC CAC ATT TTA TCC ACA GC-3') and probe
Phil_28S_Pr (FAM-5-CAGCGTACGCTGTTGCTG
C-3'-TAMRA) in an ABI StepOne real-time thermal
cycler. Specimens were run in duplicate against a
synthetic oligonucleotide standard (5'-TAG GGC AAG
TCC TTG GAA TGC AAAACA GCGTAC GCT GTT
GCT GCC AAA AGG GAA AGG GGT TAATAT TCC
TCT AGT CGG CTG TGG ATA AAATGT GGC A-3)
ranging from 2.41 x 107 to 2.41 x 10° copies per reac-
tion and including 4 no-template controls (negative
reactions) per run. Runs were performed in an ABI
StepOne instrument, subject to an initial denatur-
ation step of 50°C for 2 min and 94°C for 10 min, fol-
lowed by 50 cycles of 94°C denaturation for 10 s and
56°C annealing for 60 s. Data were inspected for
standard linearity (R? > 0.98). Swab specimens were
considered a positive detection of DaScPc by qPCR
(referred to as qDaScPc+) when both reactions were
within 1 cycle threshold (Ct) value, and above a thres-
hold of 10% copies per reaction, which is consistent
with observations of copies per cell in cultured
DaScPc (~10% cell™!). qPCR inhibition was assessed in
several (n = 20) swab specimens by amendment of
extracted DNA with the synthetic oligonucleotide
standard. However, Ct values of extracted DNA sam-
ples amended with a standard did not differ from
the standard run without extracted DNA. Association
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Fig. 1. Sampling locations in (A) the Caribbean Region, (B) Florida Keys, (C) United States Virgin Islands, (D) Aruba, and (E)

Cayman Islands. Saba is omitted because it is very small (samples were taken from 1 site, Rocky Point). Yellow highlighted

areas indicate approximate extent of Diadema antillarum scuticociliatosis (DaSc)-affected urchins, orange highlighted areas in-

dicate where DaSc-associated Philaster clade (DaScPc) was detected in DaSc-affected urchins. Swab field survey sites are
indicated by purple circles

between swab species, presence/absence of DaScPc,
and site category (active or recent [less than 3 mo]
DaSc signs) was examined by Fisher's exact test.

2.3. Screening of specimens by 18S rRNA gene
PCR amplification

Specimens that were gDaScPc+ by qPCR (n = 3%)
were subject to further analysis to confirm DaScPc.
The qPCR primer/probe set previously reported in the
literature bore weak matches to related ciliate 28S
rRNA. Moreover, the taxonomic coverage of the 285
rRNA gene is not as extensive as the 18S rRNA gene,
which is used in most studies of voucher specimens and

environmental/uncultured surveys (Hewson et al. 2023).

In an initial attempt to confirm the DaScPc sequence
in gDaScPc+ specimens, the 37 qDaScPc+ samples
were pooled in equal volume of extracted DNA sep-
arately by site and by species. Extracted DNA pools
were then subject to PCR employing pan-Ciliophora
18S rRNA gene primers 384F (5'-YTB GAT GGT AGT
GTA TTG GA-3') and 1147R (5'-GAC GGT ATC TRA
TCGTCTTT-3') (Dopheide et al. 2008). PCR was per-
formed in 50 pl reactions comprising 1x PCR buffer,
2.5 mM MgCl,, 0.2 mM deoxynucleoside triphosphates
(Promega PCR Nucleotide Mix), 200 pmol forward and
reverse primers, 1 ul of 2 ng ml~! BSA (Sigma), 5U Taqg
DNA polymerase (Invitrogen), and 2 pl of pooled DNA
extracts. Thermal cycling was preceded by an initial
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heating step for 3 min at 95°C, followed by 35 cycles
of denaturation at 95°C for 30 s, annealing at 54°C for
30 s, and extension at 72°C for 30 s, followed by a final
extension at 72°C for 5 min in a BioRad MyCycler.
The PCR amplicons (5 pl) were then visualized on a
1% agarose gel in 1x Tris-borate-EDTA after electro-
phoresis at 85 V for 45 min and staining with SYBR
Gold. PCR products were cleaned up using the Zymo
Clean & Concentrator-5 kit and subject to dye termi-
nator (Sanger) sequencing at the Biotechnology Re-
source Center at Cornell University.

Initial assessment of Sanger sequence chromato-
grams identified 2 specimens (a site pool from Lind-
bergh Bay, St. Thomas, and a species pool from Ircinia
campana) that had significant nucleotide overlap from
PCR product sequencing. Hence, these specimens
were cloned using the pGEM-T Easy Vector System
(Promega) to resolve ciliate sequences. Five clones
were randomly picked from each pool and prepared
for sequencing using the Zyppy Plasmid Prep Kit
(Zymo) before being Sanger sequenced.

2.4. Design of DaScPc primers and application to
coral swab samples

A phylogenetic analysis performed previously
(Hewson et al. 2023) and supplemented with se-
quences from abnormal urchins revealed a coherent
clade of 18S rRNA sequences that were primarily asso-
ciated with DaSc (B. Vilanova-Cuevas et al. preprint
doi:10.1101/2023.09.11.557215). This clade separated
from other Philaster spp., including P. apodigitiformis
and coral-associated ciliates (Sweet & Séré 2016) with
strong bootstrap support (Ritchie et al. 2024, Quod
et al. 2025, B. Vilanova-Cuevas et al. preprint doi:
10.1101/2023.09.11.557215). We named this clade the
DaSc-Philaster clade (DaScPc). Because this clade is
distinct from the 18S rRNA sequences of P. Iucinda
and P. guamensis (both recovered from corals; Sweet
& Bythell 2012, Sweet & Séré 2016, Sweet 2020) and P.
apodigitiformis (originally identified from pufferfish
eggs) (Miao et al. 2009), future reference to DaSc-
associated ciliates should follow this clade designa-
tion until formal taxonomy is applied.

Sequences derived from swab samples using pan-
Ciliophora PCR primers did not yield matches to
DaScPc by BLASTn. Hence, we designed a second,
nested approach to specifically target DaScPc pre-
viously reported (Ritchie et al. 2024, B. Vilanova-
Cuevas et al. preprint doi:10.1101/2023.09.11.557215).
We created an alignment of urchin-derived DaScPc
sequences and representative 18S rRNA gene se-

quences spanning Ciliophora by BLASTn. We man-
ually examined conserved nucleotide sequence re-
gions and found a region within the amplicon obtained
by the general ciliate primers (384F/1147R; Dopheide
et al. 2008) on which to base the DaScPc primer. We
then used the Primer3 program (Rozen & Skaletsky
1999) to identify a primer sequence (scutico-634F;
5'-TTG CAA TGA GAA CAA CGT AA-3') that selec-
tively amplified DaScPc sequences over related taxa.
BLASTn analysis of the primer revealed that it shared
100% sequence identity with some metazoans but did
not match other ciliate or protist 28S rRNAs in Gen-
Bank. We validated this new scutico-634F primer in
combination with 1147R with the same PCR conditions
described above except lowering the annealing tem-
perature to 53°C and using only 1 pl of the product
from the general ciliate PCR as template (i.e. nested
PCR) (Ritchie et al. 2024, Quod et al. 2025, B. Vilanova-
Cuevas et al. preprint doi:10.1101/2023.09.11.557215).

Amplicons from all 37 gDaScPc+ specimens were
first PCR amplified with the pan-Ciliophora primers
and then subject to a second round of PCR using the
new DaScPc primer described above. Following gel
electrophoresis, specimens yielding amplicons were
Sanger sequenced. Because the pooled approach led
to ambiguous identity of individual specimens within
pools for a few specimens, the pan-Ciliophora and
subsequent Scutico_634F-1147R PCR was repeated
for individual specimens that yielded amplicons in
site pools and processed for Sanger sequencing as
above. DaScPc and other ciliate 18S rRNA sequences
obtained in this study were deposited in GenBank
under accessions PP851979—PP852041.

2.5. Publicly available database search

Publicly available metagenome and metatranscrip-
tome databases at the Joint Genome Institute Inte-
grated Microbial Genomes—Microbiome Expert Re-
view (IMG-MER, https://img.jgi.doe.gov) (as of 27
February 2023) were examined for sequences that
were similar to the 18S and 28S rRNA and internal
transcribed spacer (ITS2) sequences of DaScPc cul-
ture FWC2 (Hewson et al. 2023) by BLASTn em-
ploying an e-value cutoff of 1 x 107%°, Datasets were
identified by the key word ‘Invertebrates, All' and
comprised 70 metagenomes and 90 metatranscrip-
tomes. Matches with =95% nucleotide identity that
were >200 nucleotides (nt) were considered in this
analysis. Several sequences that were <200 nt (mini-
mum length 179 nt) but had =96 % identity were also
considered in phylogenetic analyses. In addition, the
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FWC2 18S and 28S rRNA sequences were aligned
against the Transcriptome Sequence Assembly (TSA)
database at NCBI (filtered for 'Animalia') by BLASTn.

2.6. PCR amplification from corals

Nested PCR amplification employing the scuticocil-
iate primer 634F (B. Vilanova-Cuevas et al. preprint
doi:10.1101/2023.09.11.557215) and general primer
1147R (Dopheide et al. 2008) was attempted on coral
DNA extracts from the US Virgin Islands (n = 112),
Belize (n = 23), and Florida (USA) (n = 17), represent-
ing a range of coral species collected between 2013
and 2021. Several specimens came from colonies af-
fected by stony coral tissue loss disease (n = 43) or
from colonies affected by black band disease (n = 24)
(Table S2). These specimens had been collected as part
of separate investigations (Meyer et al. 2017, 2019,
Becker et al. 2022), which preceded the start of the
Diadema antillarum mass mortality events.

2.7. Phylogenetic analysis of DaScPc sequences

Phylogenetic reconstructions were performed on
overlapping portions of the 18S rRNA and 28S rRNA
sequenced from PCR products or recovered from
metagenomes/transcriptomes, including closest rel-
atives to these in the nonredundant (nr) database at
NCBI as identified through BLASTn. Alignments
were performed using MUSCLE (Edgar 2004). Opti-
mal models, substitution models, and site distribu-
tions were identified using the 'Find Best Model'
function in MEGA X (Kumar et al. 2018) and applied
to tree construction in the same platform. Phyloge-
netic reconstructions were supported by 1000 boot-
strapping iterations.

2.8. Experimental assessment of coral specificity

The recruitment pattern of the DaScPc culture
FWC?2 (isolated from a DaSc-affected urchin and used
in challenge experiments to establish pathogenicity
as part of prior work; Hewson et al. 2023) to 4 coral
species was assessed in experimental mesocosms in
June 2023. Forty 10 cm? fragments of corals (10 each
of Siderastrea sidereaq, S. radians, Orbicella faveolata,
and Montastraea cavernosa) were obtained from the
Florida Keys National Marine Sanctuary nursery
(under National Marine Sanctuary Permit FKNMS-
2023-058), wrapped in seawater-moistened bubble

wrap, and transported in coolers to the laboratory at
the University of South Florida (transit time ~6 h).
There, corals were placed into 7.5 1 glass aquaria (n =
25) filled with 71 of 5 pm filtered seawater (collected
from Marathon, Florida). Twenty aquaria held single
individuals of each coral species, while 5 aquaria
received a single individual from each of the 4 taxa in
combination. Aquaria were subject to 50% water
changes with fresh, 5 um filtered seawater every 48 h
with constant aeration via air stones. Aquaria were
maintained at 26°C in a water bath, with a water pump
and heater, under a 12:12 h light:dark cycle. Corals
were fed 0.2 g of Ocean Nutrition Frozen Formula
Foods Prime Reef blocks every 2 d.

Each aquarium was inoculated with ~100 FWC2 cells
(enumerated by light microscopy) by pipetting onto
the coral surface (or in the case of combined aquaria,
in the space between all 4 coral fragments). Surface
swabs of the corals were retrieved once a day and
swabs were frozen at —80°C prior to DNA extraction.
In addition, the aquarium glass surface was swabbed
side-to-side in a ~2 cm? area after 24 and 48 h, and
200 ml water samples from each aquarium were re-
trieved and filtered through 5 pm polycarbonate filters,
which were then frozen prior to DNA extraction.

DNA was extracted from swabs as described for the
field survey. DNA from water filters and subsamples
of the coral food were extracted using the Zymo Tis-
sue and Insect kit and quantified by Pico Green fluo-
rescence. The quantity of DaScPc was assessed by
gPCR targeting the 28S rRNA gene of DaScPc culture
FWC2 as previously described. The experiment
ended after 96 h since real-time data on DaScPc abun-
dance revealed the presence of the ciliate on all corals
(with detection threshold of 2.41 x 10° copies). qPCR
values of DaScPc 28S rRNA copy number were
assessed for normality by a Shapiro-Wilk test. Differ-
ences between the proportion of gDaScPc+ corals
across species as individuals and combined were as-
sessed by %2 goodness of fit tests.

2.9. Experimental assessment of
reemergence potential

We examined if DaScPc that recruited to corals
(from the assessment of the coral specificity experi-
ment) can infect D. setosum. This species was chosen
because it is available through the aquarium trade
(D. antillarum is not available) and was recently re-
ported to be affected by DaSc in the Mediterranean
and Red Sea (Zirler et al. 2023, Ritchie et al. 2024) and
can be infected by DaScPc in experimental challenge
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(Ritchie et al. 2024). Corals in the recruitment experi-
ment described above were sorted into specimens
which bore the greatest swab DaScPc 285 rRNA copy
number, and those in which DaScPc was not de-
tected in the experiment. S. radians was excluded
from this experiment since all coral pieces recruited
DaScPc in the recruitment experiment. M. cavernosa
(3 gDaScPc+ and 3 DaScPc specimens that were
not qDaScPc+, hereafter referred to as qDaScPc—),
S. siderea (3 qDaScPc+ and 2 gDaScPc—), and O. fa-
veolata (1 gqDaScPc+ and 2 qDaScPc—) were placed
into individual, cleaned aquaria which were refilled
with 5 um filtered Florida Keys water. A single D. seto-
sum (obtained from Vivid Aquarium, Canoga Park,
CA) was placed into each aquarium and monitored
daily for spine loss and morbidity (lack of movement).
D. setosum were screened for DaScPc by removing a
single spine from each urchin using sterile forceps,
and performing qPCR targeting the DaScPc 28S rRNA
(see Section 2.2), which yielded no detections in any
specimen. Aquarium husbandry and maintenance fol-
lowed the assessment of coral specificity experiment
and qPCR was used to detect DaScPc on the urchins
throughout the experiment, with the addition of daily
fecal pellet removal and feeding urchins with commer-
cially available herbivore diet pellets (New Life Spec-
trum ALGAEMAX) every other day. The survival of
specimens incubated with gqDaScPc+ and gDaScPc—
corals was compared by Wilcoxon signed-rank tests.

2.10. Microbial community amplification
and analysis

Bacterial communities in environmental swab sam-
ple DNA extracts of qDaScPc+ samples that also
yielded DaScPc sequences by conventional PCR were
identified using dual-barcoded PCR amplification
and sequencing of the V4 region of the 16S rRNA
gene (Kozich et al. 2013, Parada et al. 2016, Walters et
al. 2016). Each 40 pl PCR reaction comprised 1x PCR
master mix (One-Taq Quick-Load 2x Master Mix
with Standard; New England Biolabs), 0.125 uM of
each barcoded primer (515f; 5'-GTG YCA GCM GCC
GCG GTA A-3' and 806r; 5'-GGA CTA CNV GGG
TWT CTA AT-3'), and 2 pl of template (Apprill et al.
2015, Parada et al. 2016). The thermocycling con-
ditions were as reported by Apprill et al. (2015). 16S
rRNA amplicons were pooled at equimolar concen-
trations using a SequalPrep Normalization Plate kit
(Invitrogen) and sequenced on 1 lane of Illumina
MiSeq (v2 500 bp; 2 x 250 paired end) at the Cornell
University Biotechnology Resource Center. 16S rRNA

gene amplicon sequences were submitted to Euro-
pean Bioinformatics Institute (EBI accessions PRJE
B76500 and ERP161028).

Data preprocessing was done using the online plat-
form Qiita (Gonzalez et al. 2018), an interactive web-
based platform that uses QIIME?2 plugins to process mi-
crobiome data. The data and preprocessing information
are available for visualization and export under Study
ID 15474. Using Qiita, the samples were demultiplexed
and quality control was applied to retain samples with
a Phred Score above 30. Sequences were trimmed at
250 nt, Deblur (Amir et al. 2017) was used to denoise the
sequences and produce an initial amplicon sequencing
variant (ASV) table, and singleton removal was per-
formed eliminating all features with frequency <10. The
average and median of sequencing depth before pre-
processing was 107318 and 113252, respectively. After
preprocessing, the average and median of sequencing
depth was 15486 and 14 710, respectively. Prior to pro-
cessing, the total library frequency was 5795 150; after
preprocessing, the total library frequency was 418 115.
The Silva-138-99-515-806-nb-classifier (V.138) (Quast
et al. 2013) was used to assign taxonomy, and chloro-
plast and mitochondrial sequences (which comprised
48925 sequences or 9.29% of total sequences) were re-
moved from the ASV table. Data were imported into R,
where alpha diversity and taxonomic composition anal-
yses were performed using the package 'Phyloseq’
(v.1.46.0; McMurdie & Holmes 2013), and a graphical
summary of the data was created using ‘ggplot2’
(v.3.5.0; Wickham 2016). For this analysis, quantitative
PCR (qPCR)-determined DaScPc copies per ng of ex-
tracted DNA were categorized into 4 groups (negligible:
0—100; low: 100—800; medium: 800—5000; and high:
>5000). Richness and diversity differences, across dif-
ferences in DaScPc abundance, were assessed using
Chaol and Shannon indices, respectively (Chao 1984,
Keylock 2005, McMurdie & Holmes 2013). Significant
differences in the alpha diversity analysis were deter-
mined from a Kruskal Wallis test using ‘ggpubr’
(v.0.6.0; Kassambara 2023).

3. RESULTS
3.1. Survey of sympatric habitats

Of the 489 individual benthic swab specimens ex-
amined, 37 (5.8%) were qDaScPc+ (Fig. 2). These in-
cluded specimens collected from corals, turf algae,
sponges, and the hull of a small boat. In addition, we
confirmed the presence of DaScPc on several surface
specimens (metazoa could not be positively identified
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Fig. 2. Mean DaScPc 28S rRNA gene abundance (copies per ng of extracted
DNA) and prevalence (Prop+; proportion that were positive by qPCR
[qDaScPc+]) in swab DNA extracts. The data are presented (A) by surface
type/phylum, (B) separately for coral genera, and (C) by site. The numbers
below bars indicate total samples tested. Error bars = SE

(site + species). In addition, a further 22
amplicons were amplified directly from
individual specimens. Amongst the scut-
ico-634F amplified sequences, 28 fell
within a distinct clade with DaScPc, 10
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were more broadly classified within Philaster spp., and 2
did not match scuticociliates (1 most like Trichodina sp.
and 1 of unclear taxonomy within Peritrichia) (Fig. S1).

3.3. Query for DaScPc on publicly available data
sets preceding the 2022 mass mortality event

A total of 4 metagenome scaffolds yielded hits
against the ITS2, 26 matched 18S rRNA, and 58
matched 28S rRNAs (Table S3). Four 18S rRNA se-
quences had sufficient overlap with other rRNAs
retrieved from close relatives and those derived from
direct PCR amplification to create a phylogenetic
reconstruction (Fig. 3). All 4 sequences fell within the
Philasteridae, but none within the DaScPc. Phyloge-
netic reconstruction of both ITS2 and 28S rRNAs
revealed that retrieved sequences fell within Philaster
spp., but there was insufficient resolution for these
loci to distinguish between closely related Philaster
and DaScPc (Fig. S3).

3.4. Bacterial+archaeal community analysis of
samples that yielded DaScPc 18S rRNA sequences

The impetus for this investigation was to identify
whether DaScPc was associated with specific bacterial
taxa that might select for its recruitment onto environ-
mental surfaces. We characterized the bacterial+
archaeal community present on swab specimens that
yielded DaScPc 18S rRNA sequences. Bacterial+
archaeal community diversity was significantly greater
in high (>5000 DaScPc copies per ng extracted DNA,
n = 10) DaScPc 28S rRNA copy number specimens
than in negligible DaScPc 28S rRNA copy number spe-
cimens (0—100 DaScPc copies per ng of extracted
DNA, n = 5; diversity p = 0.028, Kruskal-Wallis tests;
Fig. S2). Similarly, bacterial+archaeal communities
were significantly richer in high DaScPc 28S rRNA
copy number specimens than medium (800—5000, n = 5)
DaScPc 28S rRNA copy number specimens (p = 0.04,
Kruskal-Wallis test; Fig. S2). Linear discriminant an-
alysis effect size (Lefse) failed to identify any correla-
tion between DaScPc 28S rRNA copy number and spe-
cific bacterial taxa.

3.5. PCR amplification of coral samples preceding
the 2022 mass mortality event

Although 29 coral DNA extracts yielded PCR ampli-
cons via nested PCR targeting the 18S rRNA of DaScPc,

only 15 yielded sufficient amplicon quantities for se-
quencing. Of these, 2 sequences most strongly matched
Porifera (lanthellidae), 4 matched ciliates other than
the Philasteridae, and 9 matched Philasteridae. Align-
ment of these sequences yielded 7 sequences with suf-
ficient overlap to create a phylogenetic reconstruction
(Fig. 3). Of these, all 7 fell within sequences from the
Philasteridae, but did not form part of the DaScPc.

3.6. Coral recruitment experiment

In the coral recruitment experiment, DaScPc culture
FWC2 was detected on coral surfaces, aquarium glass,
and in the water used for incubation. However, the over-
all DaScPc 28S rRNA copy number varied between the
incubations and whether corals were incubated as indi-
viduals or in combination. DaScPc 28S rRNA was de-
tected in 30 £+ (SE) 13% of individual corals and 50 +
13% of combined corals before inoculation occurred,
but quantities were 831 + 617 copies ng DNA~! and
therefore may have represented spurious hits to related
ciliates (Fig. 4). The proportion of corals that were
gDaScPc+ increased over the course of the experiment
in all coral species, with 100% of S. siderea bearing
DaScPc after 2 d incubation, and 100% of Montastraea
cavernosa and S. radians bearing DaScPc after 4 d. We
found that 40% of Orbicella faveolata were qDaScPc+
in both individual and combined incubations. DaScPc
28S rRNA copy number values were not normally dis-
tributed (Shapiro-Wilk test, p < 0.0001, df = 160). The
overall pattern of gDaScPc+ as a proportion of total
specimens tested over time was not significantly differ-
ent between coral species (x> goodness of fit test, p =
0.238, df = 3; Fig. 4). The DaScPc 28S rRNA copy
number in corals was not different between coral
species housed individually or in combined incubations,
but increased over time in individual incubations (Krus-
kal-Wallis test, p = 0.007, df = 3) (Fig. 5). This was re-
flected in significantly higher abundances after 2 and 4
d in M. cavernosa (Wilcoxon signed rank test, p = 0.028,
df = 10) and S. radians (Wilcoxon signed-rank test, p =
0.015, df = 10) compared to other species tested.
DaScPc could be detected in both aquarium water and
on aquarium glass surfaces, but only significantly in-
creased over time on glass surfaces (Kruskal-Wallis
tests, p = 0.029 for glass, p = 0.238 for water, df = 4).

3.7. Reemergence experiment

DaScPc was detected in Diadema setosum after
being introduced to qDaScPc+ corals, from the pre-
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Acropora palmata Sugar Mill [St John] Aug 2022
Mangrove Leaf Mangel Bay [St Thomas] Sep 2022
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Millipora complanata Mangel Halto [Aruba] Aug 2022 DaScPc
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Siderastrea siderea Mangel Halto [Aruba] Aug 2022
77| Siderastrea siderea Mangel Halto [Aruba] Aug 2022
Siderastrea siderea Mangel Halto [Aruba] Aug 2022
Siderastrea siderea Brewers Bay [St Thomas] Sep 2022
Siderastrea siderea [St Thomas] Aug-Sep 2022
Siderastrea siderea [St Thomas] Aug 2022
Surface Peterborg [St Thomas] Sep 2022
Surface Peterborg [St Thomas] Sep 2022
Surface Peterborg [St Thomas] Sep 2022
| | Turf Algae Brown Bay [St John] Aug 2022
Ircinia campana Anna Point [St John] Aug 2022
Siderastrea siderea Lindbergh Bay [St Thomas] Sep 2022
Ircinia campana Anna Point [St John] Aug 2022
— Mangrove Leaf Mangel Bay [St Thomas] Sep 2022
Mangrove Leaf Mangel Bay [St Thomas] Sep 2022
Surface Peterborg [St Thomas] Sep 2022
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_’Ma sp. Brewers Bay [St Thomas] Sep 2022
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Meandrina meandrites St Thomas Feb 2019 [SCTLD]
5 Meandrina meandrites St Thomas Feb 2019 [SCTLD]
Orbicella sp. Mexico Aug 2013 Ga0099806 1001225
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Scuticociliatia sp. Acropora/ciliate 2-1/CHN/2009 HM030718.1 [source: Acropora sp.]
Orbicella sp. Mexico Aug 2013 Ga0099805 1035714
Scuticociliatia sp. Acropora/ciliate 2-2/CHN/2009 HM030719.1 [source: Acropora sp.]
[— Siderastrea siderea Mexico Nov 2008 Ga0099820 1601529
LOrbiceHa annularis Belize Jul 2013 [Black Band Disease]
Orbicella annularis Belize Jul 2013 BLZ4 1233692
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Fig. 3. Phylogenetic reconstruction of Ciliophora sequences recovered from the swab survey, amplified directly from coral
DNA extracts (prior to 2022), and recovered from the Joint Genome Institute Integrated Microbial Genomes—Microbiome Ex-
pert Review (JGI IMG-MER) by BLASTn. The reconstruction was performed on the 281—313 nucleotide portion of the 18S
rRNA, including closest relatives in the nonredundant (nr) database at NCBI. The alignment was performed using MUSCLE
(Edgar 2004). The tree was created with MEGA X (Kumar et al. 2018) using maximum likelihood and the Kimura-2 parameter
model with gamma distributed sites and the nearest-neighbor interchange heuristic model. Bootstrap values represent 1000
iterations. Sequences in orange are those primed with the Scutico-634F and 1187R primers, while those in purple are primed
with pan-Ciliophora 384F and 1187R. Blue sequences indicate those recovered from IMG-MER by BLASTn. The DaScPc clade,
with 77% bootstrap value, is indicated
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vious experiment. However, urchins died with signs
inconsistent with the currently known clinical pre-
sentation of DaSc. No spine loss was observed and
spines ceased moving. The pattern of mortality was
unrelated to whether corals were gDaScPc+ or
gDaScPc— (Fig. 6). Despite this, DaScPc was
detected by qPCR in 5 out of 7 D. sefosum introduced
to gDaScPc+ corals, and to only 1 out of 7 D. setosum
introduced to the qDaScPc— corals. Of gDaScPc+
urchins, Sanger sequencing revealed 4 that were
within DaScPc, while the remaining 2 matched
related Philaster spp. previously observed in corals.
Amongst these 4 confirmed DaScPc urchins, 3 died
within 96 h of incubation. Three of the 4 mortalities (1
incubated with M. cavernosa and 2 with S. siderea)
were from qDaScPc+ corals, while 1 (incubated with
O. faveolata) was gDaScPc—. DaScPc was also
detected in coral tissue DNA extracts (by qPCR) in 1
of 7 corals identified as qDaScPc+ by swab at experi-
ment initiation, while it was also detected in 2 of 7
corals identified as qDaScPc—.

4. DISCUSSION
4.1. Presence in environmental/sympatric habitats

The overall pattern of DaScPc detection following
our approach suggests that the higher qPCR signal in
the field survey, confirmed by 18S rRNA sequences of
gDaScPc+ samples, was driven by the coral Sideras-
trea siderea, turf algae, and the sponge Ircinia cam-
pana (Fig. 7). The discrepancy between detection of
DaScPc by qPCR, pan-Ciliophora primers in conven-
tional PCR, and scutico-634F + 1147R primers in con-
ventional PCR may relate to varying stringency of
each primer set. The qPCR primer and probe were
designed around a 28S rRNA gene transcript recov-
ered from a DaSc-affected Diadema antillarum tran-
scriptome (Hewson et al. 2023), which may be more
conserved across ciliates within the Philasteridae
than the scutico-634F primer. At the same time,
DaScPc occurs as part of a diverse community of cili-
ates which may outnumber this taxon, hence it is not
expected to dominate amplicons by using the pan-
Ciliophora primers.

The surfaces of corals, turf algae, and sponges may
be characterized by elevated dissolved organic matter
(DOM) and inorganic nutrient conditions. Heterotro-
phic bacteria and archaea consume DOM and regen-
erate it into inorganic nutrients, and so high DOM
concentrations support larger bacterial abundances
(Ducklow 1983). Since DaScPc may also consume
bacteria, they may therefore thrive in environments
rich in DOM. The greatest DaScPc 28S rRNA copy
numbers and proportion of qDaScPc+ samples of
samples tested occurred at sites where DaSc was first
observed in January 2022, but also at sites that had
been previously affected by DaSc but sampled ~4 mo
after the original outbreak.

Corals produce mucus on their tissue surfaces
which supports microbial metabolism and plays a role
in feeding and silt removal (Bhagwat et al. 2023). We
observed differences in DaScPc detection between
sampled phyla that may be related, at least in part, by
their biology and ecology. Amongst hexacorals
examined in the field survey, Siderastrea spp. was the
most frequently detected and had the highest DaScPc
quantities of any genus examined. S. siderea often
forms mucus strings that are visible on its surface
(Sekar et al. 2008), which fosters elevated microbial
diversity and richness compared to other corals (Kel-
logg et al. 2014, Clark et al. 2021). Considering
DaScPc may participate in bacterivory, we speculate
that the elevated microbial activity surrounding the
mucus on the coral surface could be a preferred sub-
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Fig. 5. Summary of DaScPc abundance in the coral recruit-
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DaScPc 28S rRNA gene (Hewson et al. 2023) in (A) individual
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surfaces, and (D) plankton. Lowercase letters above bars de-
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glass (Kruskal-Wallis test, p < 0.05, df = 20). Error bars = SE

strate for the ciliate. Moreover, the DOM exudate
composition of S. siderea is distinct from other hard
coral species and could in turn contribute to preferen-
tial recruitment of DaScPc to its surfaces (Weber et al.
2022). DaScPc was primarily detected amongst S. sid-
erea from 2 sampling sites, one of which (St. Thomas,
US Virgin Islands) was sampled 4 mo after D. antillarum
mass mortality, and the other (Mango Halto, Aruba)
that had dying D. antillarum at the time of sampling.
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Fig. 6. Proportion of grossly normal Diadema setosum over

time after introduction to corals identified as qDaScPc+ or

gqDaScPc—. There was no significant difference between
proportions over time (Wilcoxon signed rank test)

Similarly, macroalgae living on rock or biotic sur-
faces (turf algae) release DOM as a product of photo-
synthesis, supporting microbial activity on and ad-
jacent to algal surfaces (Speare et al. 2020). Hence,
we speculate that DaScPc may recruit to macro-
algal surfaces from surrounding seawater to take up
DOM or feed on microorganisms that thrive in these
habitats.

Sponges produce DOM through release of wastes
from consumed particulate matter filtered from sea-
water (Fiore et al. 2017). Previous metabolomic studies
have demonstrated that Ircinia campana produces
highly labile DOM, including nucleosides (Fiore et al.
2017). I. campana also hosts symbiotic algae in the
family Symbiodiniaceae and has one of the highest
tissue chlorophyll a concentrations of any known reef
sponge (Southwell et al. 2008), suggesting that its
contributions to DOM release may exceed those of
other taxa. Similarly, I. campana releases large quan-
tities of inorganic nitrogen into surrounding waters
compared to co-occurring sponges (Southwell et al.
2008), which supports primary and secondary pro-
duction on their surfaces and in adjacent waters. These
metabolic traits could provide optimal conditions for
DaScPc to persist after urchin disease events.

We hypothesized that DaScPc occurrence in the
environment may be related to specific bacterial taxa
inhabiting the habitats in which they are found. Bac-
terial+archaeal communities were more diverse in
specimens that had higher DaScPc 28S rRNA copy
numbers than those which had low DaScPc 28S rRNA
gene copy numbers (Fig. S2). Taxonomic composition
of bacteria on surfaces where DaScPc 18S rRNA
sequences were recovered varied depending on sur-
face type and location, but DaScPc 28S rRNA gene
copy number was not correlated with any specific
taxon. Biomass—richness relationships of aquatic
microbial communities may follow positive, negative,
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Fig. 7. Summary of DaScPc detection among sequences obtained using the
pan-Ciliophora and scutico-634F nested PCR. Blue is DaScPc, green is Phi-
laster spp., and yellow is unclear phylogeny. Purple = no amplicon from site or
species pools but amplification in individual swabs; light blue = no amplifica-
tion in site pool (and individual not attempted); white = no amplification from
amplification in individual swabs and species
pool; + = amplification of site pool and individual swab; +* = amplified in pool
but not in individual swabs. Cells corresponding to locations that were not
tested for a specific species are marked with an ‘X'

individual specimens. ++

hump-, and U-shaped distributions (reviewed by
Smith 2007). We speculate that greater bacterial+
archaeal diversity in specimens with higher DaScPc
28S rRNA copy numbers may reflect greater bacte-
rial+archaeal abundance in these specimens, which
in turn may support their bacterivorous feeding activ-
ity. However, the lack of association between specific
taxa suggests that this feeding may be non-specific
amongst target bacterial or archaeal taxa. Future
work may explore how DaScPc responds to cell size,
nutritional quality, and physiology of bacteria, since
there may be redundancy in these factors between
disparate bacterial taxa.

These results open a window on potential ecologi-
cal drivers of DaScPc in habitats around urchins. The
relationship between DOM concentration, bacterial
abundance/production, diversity, and DaScPc growth
should be validated in future work through empirical
assessment.

Aside from their detection on animals and plants,
DaScPc was confirmed through both gPCR targeting
the 28S rRNA and through direct Sanger sequencing
of the 18S rRNA gene amplified from swabs of small
boat hulls from a previously affected site months after
DaSc had occurred. Boat hulls, especially those with

tourism. It is worth noting that stony
coral tissue loss disease (SCTLD) was
first reported in St. Thomas at the same
site as DaSc (Brandt et al. 2021, Hewson
et al. 2023). While the transmission
vectors of both DaSc and SCLTD are
currently unknown, it is plausible that
similar mechanisms of transmission
may occur for both conditions.

4.2. DaScPc was not detected in coral specimens
prior to 2022

A key question in DaSc ecology is the provenance
of this taxon. While diseases may manifest from dys-
biotic events favoring parasitic infections by typically
commensal organisms (Kelly et al. 1994, Egan & Gar-
diner 2016), diseases may also represent novel intro-
ductions to a region (e.g. Haplosporidian nelsonii
MSX; Burreson et al. 2000). Our survey of 128 coral
tissue samples and water samples around corals col-
lected before 2022 did not yield DaScPc 18S rRNAs in
any specimen. Furthermore, comparison of the 18S
and 28S rRNAs of DaScPc against metagenomes at
IMG-MER vyielded no sequences within the DaScPc.
Given that DaScPc was detected in this study in swabs
of corals from regions actively or previously affected
by DaSc, this result suggests DaScPc likely was not
present in the Caribbean prior to the 2022 DaSc out-
break but may have recruited onto these surfaces
after its initial introduction. However, this survey was
based on a limited suite of available samples and pub-
lic sequence data sets, so it may have been present in
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other compartments or those not sampled at the time.
Searching the Transcriptome Shotgun Assembly (TSA)
archive at NCBI, 28S rRNA genes sharing 99.36 %
nucleotide identity to DaScPc were recovered from
the bat star Patiria miniata in an aquarium study per-
formed in southern California in 2016 (accession
GHJNO010795562.1) (Gildor et al. 2019). That study
incubated sea stars in water from the Port of Long
Beach, suggesting that ciliates within the genus Phi-
laster were present in southern California at the time.
Subsequent surveys of sea stars and urchins near
San Diego did not detect DaScPc (Hewson et al.
2025). Because evolutionary rates of scuticociliate
28S rRNAs are not yet constrained, it is not possible to
definitively identify these as DaScPc, since hits may
have been to highly conserved loci within the large
subunit operon.

4.3. Recruitment to corals

We further examined the ability of DaScPc to
recruit to hexacoral surfaces in experimental meso-
cosms, testing the hypothesis that S. siderea would
recruit more of the scuticociliate than other coral spe-
cies. While S. siderea had the greatest DaScPc 28S
rRNA copy number and prevalence amongst corals
at experiment outset, over time these were no differ-
ent from controls. Interestingly, we frequently ob-
served DaScPc on aquarium glass surfaces and in
plankton, with the highest abundances in aquaria
containing all 4 coral species. This may suggest that
DaScPc may grow on materials released from the
corals in plankton, and since they are found on animal
and plant surfaces, they may persist on abiotic sur-
faces in general.

Persistence of DaScPc on corals over time is also
unclear from our data. While other philasterine cili-
ates have been associated with coral diseases, such
as brown band disease (Randall et al. 2015, Ravindran
et al. 2022), our work does not provide evidence to
suggest that DaScPc is associated with any coral
abnormalities. None of the corals in the experimental
mesocosms that recruited DaScPc became abnormal
over the course of the experiment. Likewise, al-
though several corals that were swabbed in the field
had diseases, including stony coral tissue loss dis-
ease, the detection and DaScPc 28S rRNA copy
number were inconsistent with disease occurrence.
Finally, bleached corals affected by the 2023 Carib-
bean heatwave did not yield DaScPc, suggesting that
its occurrence is not tied directly to stressed/diseased
corals.

4.4. Risk to surviving and reintroduced Diadema

A key question raised by detection of DaScPc in
sympatric habitats is whether these ciliates may then
reemerge to infect surviving or newly introduced
D. antillarum at previously affected sites. Our data are
inconclusive in this regard. While there was success-
ful transmission of DaScPc from qDaScPc+ corals to
D. setosum in aquaria, it is still unclear if their death
was associated with the ciliate or coral response by-
product since their gross signs were mostly inconsis-
tent with DaSc. Specimens did not lose spines over
time, and in most specimens, the tube feet were intact
at the time of their death, both characteristic signs of
DaSc (Hylkema et al. 2023). Instead, it is likely that
their death was caused either by antagonistic interac-
tions with the corals (i.e. materials they exuded), or by
unmeasured adverse water quality parameters in the
aquariums. Several approaches are currently being
developed or already used to restore D. antillarum
populations (Hylkema et al. 2022, Williams 2022, de
Breuyn et al. 2023, Wijers et al. 2023). These efforts
could be in vain if DaSc reemerges. Due to the prev-
alence of DaScPc on marine surfaces after disease
occurrence detected here, we suggest that testing for
this pathogen should be included in measures taken
to verify urchin health before restocking efforts are
implemented. Furthermore, establishing the etiology
of scuticociliatosis in wider Diadematidae species
should be prioritized, since this has only been demon-
strated in D. antillarum (Hewson et al. 2023) and
D. setosum (Ritchie et al. 2024).

4.5. Limitation of methods

The study has limitations which may preclude
definitive interpretation of results. The use of swabs
in this survey, which were employed because of
ease of collection and permitting requirements, may
underestimate total DaScPc abundance, since swabs
generally have poor retention of free-living microbial
cells (Bruijns 2024). Furthermore, there may be differ-
ences in recovery between sample type (e.g. macro-
alga, coral, sponge, etc.) which may have influenced
the relative detection of DaScPc between these sur-
faces. The use of qPCR for the detection of DaScPc
inevitably can amplify related Philaster species,
requiring further confirmation by conventional PCR
and Sanger sequencing. While we considered detec-
tion of DaScPc through 2 loci, namely 28S rRNA for
qPCR and 18S rRNA for conventional PCR, where
sequences obtained from the latter were coherent
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with the pathogenic culture FWC?2, these may repre-
sent strains that vary in their ecology and pathogenic-
ity within D. antillarum. Hence, future efforts should
focus upon confirmation of their identity through
other molecular markers, perhaps through multi-
locus sequence tagging, to confirm their presence.
PCR and qPCR may also detect intact DNA in mori-
bund or dying cells, hence detections may not repre-
sent live DaScPc cells. Uneven distribution of sample
sizes between sites and surfaces led to differences in
detection thresholds and can affect overall detection
accuracy. The data collected are limited by the retro-
spective nature of the study, where samples are
mostly limited to periods shortly after the 2022 DaSc
outbreak began or were sampled opportunistically
well after the DaSc outbreak had abated. These limi-
tations highlight the need for cautious interpretation
of the results and highlight areas for future work to
address these methodological shortcomings and
increase awareness of the ecology of DaScPc and its
impact on coral reef health. Despite these limitations,
our results demonstrate that DaScPc may persist in
coral reef habitats for some time after DaSc occur-
rence and provide new information on the ecology of
this pathogen.

It is also important to note that while we infer that
DaScPc occurrence may be related to DOM-rich
environments, directly measuring DOM was beyond
the scope of this study. DOM is produced by an
array of sources, including phototroph exudates,
metazoan egestion and excretion and sloppy feed-
ing, and viral lysis of (micro)organisms. While we
report the DOM excretion characteristics of several
metazoa on which DaScPc occurs, this phenomenon
should be further investigated by directly testing
these exudates, which can be chemically character-
ized, on DaScPc. Finally, our examination of DaScPc
reemergence potential in naive D. setosum was based
solely on gross observations and qPCR detection.
Employing histopathology approaches (Hewson et
al. 2023) may have observed DaScPc within tissues
prior to their mortality, which occurred in the ab-
sence of DaSc gross signs.

5. CONCLUSIONS

This study suggests that the D. antillarum pathogen
DaScPc may occur on submerged surfaces at sites
currently or previously affected by DaSc, especially
around its putative locations of emergence in the Car-
ibbean (St. Thomas and St. John), and that the ciliate
can be recovered in surveys from hexacorals (espe-

cially S. siderea), sponges, and plants. We found no
evidence for the presence of DaScPc in Caribbean
coral samples recovered prior to 2022 despite similar
Philaster spp. sequences recovered from previously
published transcriptomes and through direct amplifi-
cation of DNA extracts. Furthermore, DaScPc culture
FWC2 recruits on at least 4 species of corals in the
region and provides support that at least 1 coral spe-
cies is less likely to harbor the cultured isolate. More-
over, DaScPc-FWC?2 appears to recruit to metazoan
surfaces, at least in aquarium settings. These data
fortify that DaScPc may be a novel introduction to
the Caribbean at the time of DaSc mass mortality,
and that the taxon may persist in surrounding hab-
itats for some time after affecting D. antillarum. Fur-
thermore, our data suggest that DaScPc inhabiting
corals may colonize naive urchins. However, its abil-
ity to infect and cause mortality remains unclear. It is
also unclear whether associations with metazoans
other than D. antillarum are mutualistic, commensal,
or parasitic. We propose that the DaScPc may have a
life strategy which is partially derived from DOM or
microbes thriving on exudates, and that it may
become pathogenic in D. antillarum under as yet
undefined conditions. We base this proposal on ob-
servation that DaScPc thrives in habitats previously
described to have high DOM, bacterial richness, and
diversity. However, there is still a need to understand
how and why DaScPc infects urchins, which may be
due to factors such as population density (which may
affect transmission potential), physicochemical con-
ditions, and animal stress, or material excreted from
the corals under stress that may attract and support
DaScPc.

Data archive. Nucleic acid sequence data associated with
this work have been deposited in NCBI GenBank under
accessions PP851979—PP852041. Data for 16S rRNA ampli-
cons have been deposited at EBI under accessions PRJEB76
500 and ERP161028.
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