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Abstract 

Bald sea ur c hin disease (BSUD) is most likely a bacterial infection that occurs in a wide range of sea ur c hin species and causes the 
loss of surface appendages. The disease has a variety of additional symptoms, which may be the result of the many bacteria that 
are associated with BSUD. Previous studies have investigated causative agents of BSUD, however, there are few reports on the surface 
microbiome associated with the infection. Here , w e r e port changes to the surface microbiome on purple sea ur c hins in a closed marine 
aquarium that contracted and then r ecov er ed fr om BSUD in addition to the micr obiome of healthy sea ur c hins in a separ ate aquarium. 
16S rRNA gene sequencing shows that micr oha bitats of differ ent aquaria ar e c har acterized by differ ent micr obial compositions, and 
that diseased, r ecov er ed, and healthy sea ur c hins have distinct microbial compositions, which indicates that there is a correlation 

between microbial shifts and recovery from disease. 

Ke yw ords: Str ongylocentr otus purpur atus, ec hinoderm, 16S rRN A high throughput sequencing, bacterial infection, microbiome 
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Introduction 

Bald sea urchin disease (BSUD) is a bacterial infection that im- 
pacts many species of sea urchins and was first described in the 
r ed sea urc hin, Mesocentrotus franciscanus (Johnson 1971 ). Spine loss 
is the k e y c har acteristic of the disease, hence the gener al name of 
BSUD. Since the original c har acterization, ther e has been a wide 
range of descriptions of BSUD that has mostly been based on the 
pr esence of discr ete lesions on the surface of sea urchins and the 
loss of a ppenda ges within those lesions that may include test ero- 
sion and body wall perforation (Table 1 ). Howe v er, other symp- 
toms include general spine loss in the presence or absence of 
surface lesions and disruption of the peristomial membrane. Sea 
urc hins ar e known to r ecov er completel y fr om BSUD or may be 
at risk of death depending on the se v erity of the infection (Laf- 
ferty et al. 2004 ). Declines in echinoid populations as a result of 
disease can have significant consequences in marine systems be- 
cause they may result in phase shifts in ecosystems depending 
on the extent of the echinoid population reduction from a mass 
die-off and whether the infected species is a k e ystone member of 
an ecosystem (r e vie wed in Smith et al. 2022 ). For example, in the 
1980s the near disa ppear ance of a k e ystone herbi vore, the long- 
spined black sea urchin, Diadema antillarum , due to disease of un- 
known etiology resulted in a massive ecological phase shift in the 
Caribbean Sea from coral cover to uncontrolled algal growth on 
the reefs (Sammarco 1980 , Vega Thurber et al. 2012 , Smith et al.
2022 ). A repeat mass mortality event of D. antillarum beginning in 
2022 in the Caribbean Sea shows general spine loss prior to death 
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nd the pathogen has been identified as a scuticociliate (Hewson
t al. 2023 ). Ec hinoid diseases ar e also associated with substan-
ard aquacultur e pr actices including suboptimal water temper a- 
ur e, eutr ophication, poor food quality, and injuries from handling
nd sorting (Tajima et al. 1998 , Brink et al. 2019 , Chi et al. 2022 ).
ea urchin disease results in economic losses for mariculture fa-
ilities and financial impacts on the mariculture industry (Wang 
t al. 2013a ). Consequently, the causes of diseases in echinoids and
he possibilities of their pr e v ention ar e important to understand
or both marine ecosystem structure and for successful maricul- 
ure. 
Man y r eports of BSUD outbr eaks hav e focused on identify-

ng the underlying causative agent and have indicated that the
athogen is unlikely to be fungal, blue–green algal, or viral, but is
ikely bacterial (Maes and Jangoux 1984a , Wang et al. 2013b , Bauer
nd Young 2000 ). A wide variety of bacteria are associated with
SUD, and many can reproduce the disease (Table 2 ). Given this
 ariety, whic h has been correlated with a wide range of oceanic
ocations, and given the plethora of potentially pathogenic bacte- 
ia in marine systems, there may be a vast number of causative
gents of BSUD. This variety may be the basis for the range of dis-
ase symptoms that are evident on the surface of sea urchins (Ta-
le 1 ). 
Although the presence and characteristics of BSUD for sea 

rchins in the ocean or in aquaculture facilities have been re-
orted (Table 1 ) including the associated bacterial pathogens (Ta-
le 2 ), there are no studies that describe the onset and r ecov ery of
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Table 1. Infections on the surface of sea urchins show a wide range of symptoms. 

Disease Symptoms Reference 

BSUD Spine loss without lesions This paper, Clemente et al. ( 2014 ), Brink et al. ( 2019 ) 

Black mouth disease or no name 
given 

Spine loss without lesions Chi et al. ( 2022 ), Tajima et al. ( 1988 ) 
Blackish peristomial membrane 

BSUD Lesions on the body surface showing 
green, pink, red, and purple discoloration 

Lafferty et al. ( 2004 ), Girard et al. ( 2011 ), Brink et al. 
( 2019 ), Gr ec h et al. ( 2022 ), Federico et al. ( 2023 ) 

Appendage loss within lesions 

BSUD or Spotting disease Lesions of various colors Maes and Jangoux ( 1984a ,b ), Gilles and Pearse ( 1986 ), 
Roberts-Regan et al. ( 1988 ), Becker et al. ( 2008 ), Wang 
et al. ( 2020 ) 

Appendage loss within lesions 
Test erosion and body wall perforation 

Lesion syndrome disease or no 
name given 

Lesions of various colors Wang et al. ( 2013a ), Hira and Stensvåg ( 2022 ) 
Appendage loss within lesions 
Test erosion and body wall perforation 
Blackish peristomial membrane 

Red spotting disease or no name 
given 

Lesions of various colors Nagelk erk en et al. ( 1999 ), Virwani et al. ( 2021 ) 
Appendage loss within lesions 
Spine loss over some or all of the surface 

Red spotting disease Lesions of various colors Li et al. ( 2020 ) 
Appendage loss within lesions 
Spine loss over some or all of the surface 
Blackish peristomial membrane 

Table 2. Bacteria associated with BSUD and related surface diseases. 

Sea urchin host Bacteria Pathogenic Reference 

Strongylocentrotus purpuratus Vibrio anguillarum, Aeromonas salmonicida Yes Gilles and P ear ce ( 1986 ) 
Paleopneustes cristatus Vibrio alginolyticus Yes Bauer and Young ( 2000 ) 
Strong ylocentrotus droebac hiensis Acinetobacter sp., Alcaligenes sp. ND 

1 Roberts-Regan et al. ( 1988 ) 
Strong ylocentrotus droebac hiensis Vibrio echinoideorum Yes Hira and Stensvåg ( 2022 ) 
Tripneustes gratilla Exiguobacterium sp., Vibrio spp. Yes 2 Becker et al. ( 2007 ) 
Tripneustes gratilla Microbiome dysbiosis ND Brink et al. ( 2019 ) 
Paracentrotus lividus Vibrio splendidus, V. gigantis ND Gr ec h et al. ( 2022 ) 

Paracentrotus lividus Unknown ND Maes and Jangoux ( 1984a ) 
Strongylocentrotus intermedius Vibrio spp. ND Takeuchi et al. ( 1999 ) 
Strongylocentrotus intermedius Flexibacter Yes Tajima et al. ( 1997 ) 
Diadema africanum Vibrio alginolyticus Yes Clemente et al. ( 2014 ) 
Strongylocentrotus intermedius Community Yes Wang et al. ( 2013a ) 

Vibrio spp., Pseudoalteromonas tetraodonis, 
Shewanella aquimarina 

Strongylocentrotus intermedius Vibrio coralliilyticus Yes Li et al. ( 2020 ) 
Meoma ventricosa Pseudoalteromonas haloplanktis tetraodonis Yes 3 Nak elk erk en et al. ( 1999 ), 

Richie et al. ( 2000 ) 
Paracentrotus lividus Vibrio sp., Tenacibaculum sp. No Federico et al. ( 2023 ) 

1 ND, not done. The pathogenicity of the bacteria was not tested. 
2 Injuries from the ectoparasitic gastropod, Vexilla vexillum , results in lesions similar to spotting disease. 
3 Bacterial virulence was tested by injection into and survival of Lytechinus variegatus . 
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SUD in closed aquaria in the absence of experimentally induced
nfection. Her e, we r eport on purple sea urc hins, Strong ylocentrotus
urpuratus , that were shipped from Southern California to Wash-
ngton DC, and subsequently acquired BSUD after being housed
n a recirculating marine aquarium. Symptoms included the loss
f all primary spines, no discrete lesions as described in pr e vious
eports (Clemente et al. 2014 , Brink et al. 2019 ), and the animals
 ecov er ed fr om the disease, r egr e w their primary spines, and r e-
urned to what a ppear ed to be a healthy state. Because housing
as in a closed aquarium system, this controlled environment
rovided an opportunity to investigate the changes in the surface
icr obiome comm unity associated with BSUD. Samples were col-
ected from sea urchin surfaces during the disease, after recov-
ry, and from healthy animals housed in a separate aquarium,
lus aquarium seawater and used for sequencing the 16S rRNA
ene amplicons. Results indicated that the surface microbiomes
n the three groups of sea urchins had significantly different com-
ositions suggesting a microbial shift during disease recovery, and
 difference in the microbial community on sea urchins from
ifferent shipments housed in two different aquaria. We specu-
ate that the changes in the local environment of the ocean vs.
 closed aquarium system, and perhaps our standard antibiotic
reatments undertaken for all newly shipped sea urchins , ma y
ave contributed to an altered community state of the micro-
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biomes . T he microbial shifts may have led to the onset of disease 
in the sea urchins with subsequent shifts associated with recov- 
ery. 

Methods 

Sea urchin husbandry 

Purple sea ur chins, S. purpuratus , w ere collected from the near- 
shore water in San Diego CA, transferred to the Southern Cali- 
fornia Sea Urc hin Compan y (Cor ona del Mar, CA) and placed in 
holding tanks for 2 weeks in the open seawater system at the 
K erc khoff Marine Labor atory (California Institute of Tec hnology).
Appar entl y healthy sea urchins ( n = 40) that survived collection 
w ere pur chased and shipped overnight to George Washington Uni- 
versity in Washington DC. Sea urchins were housed in aquar- 
ium B (125 gallon) with recirculating ASW (Premium Marine Salt,
OmegaSea), salinity of 32–35 ppt, 13–14 ◦C, and outfitted with both 
physical and biofilters, a UV light housing, and a protein skim- 
mer. The central aquarium pump (Pond-Mag 9.5, Pondmaster) 
that was positioned in the aquarium sump, circulated 950 gal- 
lons/hour through the system. The water quality was maintained 
with w eekly seaw ater changes of 5 gallons that also served in solid 
waste r emov al. 

Aquarium A (125 gallons) in our laboratory, held 40 healthy sea 
urchins that had been housed in that aquarium for 9 months, and 
for which no diseases had been observed. The salinity, tempera- 
ture, filtering, and UV light housing were the same as for aquar- 
ium B, and the central pump circulated 1057 gallons/hour through 
the system (Marine DC pump DCT-4000, Jecod). All animals were 
fed weekly with rehydrated brown seaweed, Saccharina angustata 
(Kjellman) (WEL-PAC). 

Treatment of sea urchins with penicillin and 

streptomycin 

Based on our standard protocol, upon arrival all shipments of sea 
ur chins w ere treated by immersion for 1–2 hours at 14 ◦C in a tray 
(8 l) of fr eshl y pr epar ed ASW with 12 mg/l penicillin and 50 mg/l 
stre ptom ycin sulfate (pen/stre p). After treatment, different sea 
urchin shipments were placed in different aquaria. 

Sample collection from sea urchin surfaces and 

from aquarium seawater 
Samples were collected from randomly selected healthy sea 
urchins ( n = 4, H1–H4) in aquarium A and diseased sea urchins 
( n = 4, D1–D4) in aquarium B, plus seawater samples from aquar- 
ium A ( n = 2, WH1 and WH2) and aquarium B ( n = 2, WD1 
and WD2). Subsequent samples were collected from randomly 
selected r ecov er ed sea urc hins ( n = 4, R1–R4) in aquarium B as 
w ell as seaw ater samples ( n = 2, WR1 and WR2). The cellular 
material collected from the surface of sea urchins was retained 
on nylon filters (0.22 μm, 47 mm diameter; GVS Filter Technol- 
ogy). Filters were held on a filter-holder assembly composed of 
a 300-ml funnel (Fisherbrand) that was spring clamped (Milli- 
pore, item XX1004703) to a fritted glass support base (Millipore) 
with a rubber stopper to insert into the top of a 1-l sidearm flask 
connected to the building vacuum system. Each sea urchin was 
placed in the funnel or was held over the vacuum filtration appa- 
ratus and 500 ml of seawater from its respective aquarium was 
pour ed slowl y ov er all surfaces of the sea urc hin, suc h that the 
material washed from the animal plus cells in the seawater were 
collected on the filter. The filters were inserted into individual 
0 ml falcon tubes and stored at −80 ◦C for later processing. After
ach collection, the filter apparatus and the funnel were rinsed
ith deionized water before collecting the sample from the next
ea ur chin. Seaw ater (500 ml) fr om eac h aquarium was filter ed
imilarly to collect samples that served as controls. A sample of
00 ml of fr eshl y mixed Omega ASW contr ol was filter ed in the
ame manner. Samples from diseased sea urchins were collected 
n day 140 after arrival and housing aquarium B at a time when all
ea urchins were exhibiting the disease symptom of primary spine
oss. Samples from recovered sea urchins were collected 300 days
fter arrival and housing in aquarium B, at a time when all sea
rchins had regenerated their primary spines and were exhibit- 
ng normal behavior. Samples collected from healthy sea urchins 
n aquarium A were collected on the same day as when the dis-
ased sea urchin samples were collected. 

enomic DNA isolation from samples collected 

n filters 
he genomic DN A (gDN A) isolation from nylon filters was car-
ied out according to Turner et al. ( 2014 ) with modifications as
ested with cultures of E. coli ( Supplementary Data File 1 ). Each
lter was placed in a sterile plastic petri dish (10 cm diameter),
ov er ed with 1 ml cetyltrimethylammonium bromide [CTAB; 2%
TAB, 100 mM Tris base (pH 7.4), 1.4 M NaCl, 1% pol yvin ylpyrr oli-
one, and 20 mM EDTA] and incubated for 10 minutes at 65 ◦C with
onstant shaking. The filters were removed from heat and a cell
cr a per was used to r emov e all material from the filter, which was
r ansferr ed to a 1.5-ml tube. Chloroform:isoamyl alcohol (24:1;
 ml) was added to the CTAB solution, mixed by inversion, and
entrifuged at 20,800 × g for 2 minutes at r oom temper atur e . T he
queous layer was tr ansferr ed to a new tube, NaCl was added to
.5 M, follo w ed b y the addition of an equal volume of 100% iso-
ropanol and mixed by in version. T he samples were chilled at
80 ◦C for 15 minutes and spun at 20,800 × g for 15 minutes at
 
◦C. The supernatant was discarded, then the pellet and the in-
ide of the tube were washed with 150 μl of 70% ethanol, followed
y a wash with 150 μl of 90% ethanol and air drying. gDNA pellets
er e r esuspended in 10 μl Tris-EDTA buffer [TE; 10 mM Tris base
pH 7.4), 1 mM EDTA] and the concentr ation was e v aluated on a
pectr ophotometer (NanoDr op 2000c , T hermoFisher). T he gDNA
ize and le v el of degr adation was e v aluated with a 0.75% a gar ose
el with Tris-acetate-EDTA buffer (TAE; 40 mM Tris; 20 mM acetic
cid, 1 mM EDTA) plus 1% ethidium bromide and imaged with a
V imaging system (Kodak Molecular Imaging, Kodak Gel Logic 
500 Imaging System). 

ol ymer ase chain reactions 
he 16S rRNA gene was amplified from the isolated gDN A b y PCR
o test for the presence of prokaryotic DNA in the samples (27F,
 
′ AGA GTT TGA TCC TGG CTC AG; and 1492R, 5 ′ ACG GTT ACC
TG TTA CGA CTT) that resulted in approximately a 1.5-kb am-
licon (Weisburg et al. 1991 ). In total, two different concentrations
f gDNA template (2 and 0.2 ng μl − 1 ) were used in PCR (Bio-Rad
100 Thermal Cycler) and the final reaction volume of 20 μl con-
ained 1X Primestar Buffer, 200 μM dNTPs, 0.3 μM each primer,
nd 0.5 units PrimeSTAR GXL DNA pol ymer ase (Takar a). The PCR
r ogr am was 98 ◦C for 1 minute, follo w ed b y 30 c ycles of 98 ◦C for
0 seconds, 60 ◦C for 15 seconds, and 68 ◦C for 15 seconds, with a
nal extension of 68 ◦C for 1 minute and a 4 ◦C hold. The amplicons
er e anal yzed on a 0.8% a gar ose gel with TAE buffer plus ethid-

um bromide and imaged on an UV system as described abo ve . 

https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data
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6S rRNA amplicon sequencing 

he gDNA samples were processed and sequenced using the Zy-
oBIOMICS targeted sequencing service at ZymoResearch (Irvine
A). Targeted sequencing of the bacterial 16S rRNA gene was per-
ormed using the Quick -16S NGS Library Prep Kit (ZymoResearch)
ith custom-designed, proprietary primers to amplify the V3 and
4 region of the 16S rRNA gene . T he libr ary pr epar ation was com-
leted by quantitativ e r eal-time PCR (qPCR) and quantification of
he PCR products using qPCR fluorescence readings. Library frag-
ent sizes were selected and optimized with the Select-a-Size
NA Clean & Concentr ator (ZymoResearc h) and quantified with
a pestation (Agilent Tec hnologies) and Qubit (ThermoFisher Sci-
ntific). The positiv e contr ol sample used for libr ary pr epar ation
as the ZymoBIOMICS Microbial Community DN A Standar d (Zy-
oResearch). In addition to the ASW sample collected by DNA
xtr action fr om fr eshl y made Omega sea water (see abo ve), Zy-
oResear ch emplo y ed a blank during libr ary pr epar ation, and
oth of these samples served as negative controls . T he completed
ibrary was sequenced using a V3 r ea gent kit with 600 cycles on
llumina MiSeq, which was calibrated by a 10% spike-in of PhiX
NA. T he ra w sequence reads were uploaded to the Sequence
ead Arc hiv e database at NCBI under the BioProject ID PR-
NA851819. 

mplicon sequence analysis 
 AD A2 (Callahan et al. 2016 ) was used to filter and trim se-
uences, infer amplicon sequence variants (ASVs) and r emov e se-
uencing errors and chimeric sequences. Taxonomy assignment
as performed using SILVA release 138.1 (Quast et al. 2013 ). Phy-
oseq pac ka ge (v ersion 1.42.0) (McMur die et al. 2013 ) w as used to
alculate alpha and beta diversity. Alpha diversity was estimated
sing the Observed Species, Chao1 (Chao 1984 ), and abundance-
ased cov er a ge estimator (ACE) (Chao and Lee 1992 ) indices. Beta
iversity was analyzed using Bray–Curtis distances (Bray and Cur-
is 1957 ) and visualized with nonmetric multidimensional scaling
nMDS). 
Statistical significance of differences among groups for alpha

iversity indices was performed using one-way ANOVA ( P ≤ .05)
nd Tuk e y test in R. To e v aluate statistical significance among
roups for beta diversity, a permutational multivariate analysis
f variance (PERMANOVA, P ≤ .05) using distance matrices was
erformed with the adonis2 function (Permutations = 999) with
he v egan pac ka ge (v ersion 2.6.4) (Oksanen et al. 2015 ). Taxonomic
roups that had significant differences in abundance among dif-
er ent gr oups wer e identified by Linear Discriminant Anal ysis Ef-
ect Size analysis (LEfSe) (Segata et al. 2011 ) using the micro-
iomeMarker pac ka ge (v ersion 1.3.2) (Cao 2022 ). The Upset plot
as generated using UpSetR (version 1.4.0) (Gehlenborg 2019 ) and
omplexUpset (version 1.3.3) (Lex et al. 2014 , Krassowski 2020 ).
ar efaction curv es wer e gener ated using the Micr obiotaPr ocess
ac ka ge (v ersion 1.6.6) (Xu and Yu 2022 ). The afor ementioned
nal yses wer e performed using R version 4.1.1 (R Core Team
021 ). The R code with complete pipeline utilized can be found in
he GitHub repository https:// github.com/ chloeshaw8/ Bald-sea- 
rc hin-disease _ pr oject . 

mplicon sequence analysis by Zymo Research 

he sequenced reads were also evaluated by the 16S rRNA Am-
licon Sequencing Data Inter pr etation service at ZymoResearch
sing their bioinformatics pipeline and analysis ( Supplementary
ata File 3 ). Briefly, the D AD A2 pipeline was used to infer ASVs
r om r aw r eads, to r emov e err ors and c himeric sequences, and
axonomic assignment was performed using the internal curated
ymoResearch dataset. 

esults 

rogression of BSUD shows a complete loss of 
rimary spines follo w ed b y reco very and spine 

egrowth 

ea urchins shipped across the country generally arrive stressed
nd spawning, and the survival of different shipments of sea
rchins can range from as much as 80% to as poor as no survivors.
onsequently, since 2012 we have emplo y ed a standar d protocol
or sea urchin care to improve survival. Sea urchins ( n = 40 per
hipment) r eceiv ed fr om California wer e tr eated upon arriv al (day
) by immersion in pen/strep for at least an hour at 15 ◦C, which
as adapted from standard culturing conditions for embryos and
arvae (Leahy 1987 , Adams et al. 2019 , Schuh et al. 2020 ). Because
he pen/strep treatment resulted in higher survival after ship-
ing, it was incor por ated for all sea urc hins since implementing
his treatment. Although the polychete, Flabesymbios commensalis ,
as been noted on sea urchins in some shipments (unpublished
bserv ations), none wer e e vident on the animals in aquarium B,
nd no other ectoparasites were present (Becker et al. 2007 , Vir-
ani et al. 2021 ). On day 91 after arriv al, m ultiple sea urchins in
quarium B sho w ed unusual behavior of drooping spines (Fig. 1 A),
lthough when disturbed by sound or touc h, they quic kl y r e-
riented their spines to the normal position of pointing dir ectl y
ut from the spheroid body (Video 1; Supplementary Data File 2 ,
ideo 1 Legend). On days 93–108, the sea ur chins w er e constantl y
o ving their spines , pointing them in differ ent dir ections r ather

han the expected orientation of perpendicular from the body sur-
ace, which was another unusual behavior. By day 108, many sea
rchins in aquarium B showed spine loss (Fig. 1 B), and the ani-
als with the greatest spine loss were placed in floating plastic
oxes to minimize their interaction with other sea ur chins. Ho w-
 v er, isolation in boxes did not reduce or block the spread of the
isease to all animals in the aquarium. In an effort to save the
nimals fr om pr ogr ession to death (whic h was assumed at the
ime), the w eekly seaw ater change w as incr eased fr om 5 to 10 gal-
ons . Sea water chemistry for pH, ammonia, nitrate , nitrite , copper,
nd phosphorus for aquarium B and aquarium A, which housed
ealthy sea ur chins, w ere normal and deemed not to be the basis
or the diseased sea urchins in aquarium B. On day 113, a 20-gallon
eawater change was carried out and the sea urchins were treated
ith a second immersion in pen/strep for 2 hours at 15 ◦C. On day
16, the UV light bulbs for both aquaria A and B were changed
o ensure that they were working optimally to sterilize the mi-
robes in the seawater. By day 132, all sea urchins in aquarium B
ere diseased and had lost all primary spines, although the sec-
ndary spines (Fig. 1 C and D, y ello w arro w), pedicellariae, and tube
eet remained intact. On day 132, sea urchins in aquarium B were
reated a third time by pen/strep immersion, with the exception
f nine animals that held tightly to the aquarium walls and could
ot be r emov ed without significant injury. The sea ur chins sho w-
ng BSUD symptoms were difficult to grasp because their surfaces
er e abnormall y slimy, whic h was consistent with infection and
issue disintegration (Fig. 1 C and D). Throughout the infection,
ome sea urchins held tightly to the walls of the aquarium yet
lso sho w ed the opposite behavior of failing to hold kelp secur el y
uring feeding. Notably, all animals with BSUD fed throughout the
isease and none sho w ed discrete lesions as described in other re-
orts of spotting disease and some reports of BSUD (Table 1 ). From

https://github.com/chloeshaw8/Bald-sea-urchin-disease_project
https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data
https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data
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Figure 1. BSUD pr ogr ession and r ecov ery in the pur ple sea urc hin. (A) An earl y symptom of BSUD is dr ooping spines suggesting that the sea urc hin 
may be sleeping as has been observed on rare occasions for healthy sea urchins. Alternatively, the surface infection that would impact the muscles 
associated with the base of the spines and the tubercles may have altered spine movement (see Video 1; Supplementary Data File 2 , Video 1 Legend). 
(B) A sea urchin infected with BSUD that has lost many of its primary spines. (C) A sea urchin with BSUD that has lost all of its primary spines and 
shows the red tubercles to which primary spines are normally attached. Shorter and smaller secondary spines remain attached. (D) A magnified image 
of the surface of a sea urchin with BSUD that has lost all primary spines . T he secondary spines (y ello w arro w), pedicellariae that are too small to see in 
this image, and tube feet remain on the animal surface . T he beginnings of newly growing spines (white arrow) are present on some tubercles. (E) A 
r ecov ering sea urchin with newly regrowing primary spines that are short, pointed, and light purple. (F) A healthy sea urchin after full recovery from 

BSUD with the c har acteristic of rigid primary spines oriented perpendicular to the animal body. 
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days 154 to 246, all sea urchins began to r ecov er fr om the disease 
as evidenced by regrowing their primary spines (Fig. 1 D, white ar- 
r ow, and E) and r eturned to what a ppear ed to be a healthy state 
(Fig. 1 F). 

gDN A isola ted from the surface of sea urchins 
includes bacterial DNA 

Because the symptoms of BSUD were restricted to the external 
surface of the sea ur chins, w e reasoned that the surface micro- 
biome was involved in disease onset. All sea urchins were fed 
the same diet, ther efor e, we also reasoned that the gut micro- 
biome was not involved in BSUD. Furthermore, because a limited 
number of sea urchins can be deliv er ed per shipment, we opted 
to save as many animals as possible and to investigate the sur- 
face micr obes r ather than sacrificing animals for tissue dissection.
This also r emov ed the pr oblem of contamination of tissue sam- 
ples with microbes released from the gut during dissection. When 
e v aluating the gDNA (larger than 10 kb), more was isolated from 

the surface of the sea urchins than from the seawater samples 
( Supplementary Data File 2 ; Table S1 , Supporting Information ) al- 
though it was likely that the gDNA was a mixtur e fr om both sea 
urchin cells and surface fauna ( Supplementary Data File 2 ; Figure 
S1A , Supporting Information ). To test for the presence of bacterial 
DNA in the samples prior to sequencing, we e v aluated the gDNA 

by PCR amplification of the 16S rRNA gene using our primers (see 
the section “Pol ymer ase c hain r eactions”). Amplification of the 
16S rRNA gene using the gDNA as the template (0.2 and 2.0 ng) 
esulted in the expected amplicons of 1.5 kb ( Supplementary
ata File 2 ; Figure S1B –E , Supporting Information ). This in-
icated that bacterial gDN A w as present in all samples
n sufficient quantities to support subsequent microbiome 
nalysis. 

ufficient sampling depth is reached and unique 

SVs are identified 

equencing for all gDNA samples resulted in a total of 283,297 raw
equence reads following filtering and processing ( Supplementary 
ata File 2 ; Table S2 , Supporting Information ).A total of 41,217
SVs were inferred and after taxonomic assignment, 31 phyla 
ere identified ( Supplementary Data File 2 ; Table S3 , Supporting
nformation ). Rar efaction curv es r eac hed plateaus indicating
ufficient sampling depth had been ac hie v ed for all samples
 Supplementary Data File 2; Figure S2, Supporting Information ).
he sequenced reads were also analyzed by the ZymoResearch 
6S Amplicon Sequencing Data Inter pr etation service using their
wn bioinformatics pipeline and analysis ( Supplementary Data 
ile 3 ). We chose to compare the ZymoResearch pipeline results,
hich utilizes their own internal database, to our results . T he rar-
faction curves for the two pipelines were similar ( Supplementary
ata File 2 ; Figure S2 , Supporting Information ; Supplementary
ata File 3 ; Figure S1 and Table S1 , Supporting Information ),
o w e v er, the filtering and processing of the reads resulted in
he identification of 25 phyla for the ZymoResearch pipeline 
 Supplementary Data File 3 ; Table S2 , Supporting Information ). 
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Figur e 2. T her e ar e man y ASVs identified in the micr obiomes for eac h 
group of sea urchins. Upset plot shows that the microbiomes for the 
diseased, r ecov er ed, and healthy groups have many ASVs that are 
unique. Each bar shows the ASV count and the group in which the ASVs 
were identified is denoted directly below each bar. Shared ASVs are 
indicated by the line connecting groups below the bar indicating 
number of ASVs counted. Of the total number of ASVs ( 40,800), 4,878 
(12%) ASVs are shared among the three groups, and the diseased and 
healthy groups have the fewest number of shared ASVs (5.1%). 
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he microbiomes identified for each group are 

istinct 
 hr ee distinct microbiome compositions were identified for
he three groups of sea ur c hins 
he surface microbiomes sampled for the diseased, r ecov er ed,
nd healthy sea urchin groups each had many unique ASVs (Fig. 2 )
 v en though there were nearly 5000 shared ASVs . T he reco vered
nd healthy gr oups shar ed the most ASVs, whereas the diseased
nd healthy groups had the fewest number of shared ASVs . T he
iversity of the microbiomes was evaluated for alpha and beta
iv ersity using se v er al metrics (Fig. 3 ). The surface microbiome
amples of the diseased sea urchins had decreased alpha di-
 ersity compar ed to the surface micr obiome samples fr om the
ealthy and r ecov er ed sea urc hins based on r esults fr om all met-
ics (Fig. 3 A–C). Analysis by Chao1 and ACE identified significant
ifferences in the alpha diversity of the surface microbiomes for
he diseased compared to the recovered groups, but not between
he diseased and healthy groups (ANOVA, P < .05). The micro-
iome samples from the recovered group had the greatest alpha
iversity based on all indices, ho w ever, the samples sho w ed no
ignificant differ ences compar ed to the micr obiome samples fr om
ealthy group. Although the ZymoResearch pipeline did not iden-
ify any significant differences in the alpha diversity among the
r oups, r esults wer e similar to our analysis . T he Chao1 and Shan-
on metrics sho w ed that the microbiomes on the sea urchins in
he diseased group had lo w er alpha diversity based on compared
o the r ecov er ed and healthy groups ( Supplementary Data File 3 ;
igure S2 , Supporting Information ). Beta diversity based on Bray–
urtis distances r e v ealed clustering of the samples from within
ac h gr oup and sho w ed minimal ov erla p of clusters (Fig. 3 D). This
ndicated that each microbiome sample within a group had a
imilar microbial composition and that the different groups (dis-
ased, r ecov er ed, and healthy) had significantly different micro-
ial compositions (PERMANOVA, P < .05). A nearly identical re-
ult was obtained from the ZymoResearch pipeline that sho w ed
ignificantl y differ ent micr obial compositions among the gr oups
 Supplementary Data File 3 ; Figure S3 , Supporting Information ). 
an y ph yla show shifts in abundance as the sea ur c hins
 ecover fr om BSUD 

o e v aluate the taxa in the micr obiomes fr om the thr ee gr oups
f sea urchins, the phyla with an av er a ge r elativ e abundance
f > 0.1% across all samples were selected for comparisons
mong the thr ee gr oups ( Supplementary Data File 2; Tables S3
nd S4, Supporting Information ). Results sho w ed that all mi-
r obiomes wer e similarl y dominated by Pr oteobacteria and Bac-
eroidota (Fig. 4 ). The most abundant phyla sho w ed minor dif-
erences among the three groups (Fig. 4 A), and these differences
er e e vident for eac h of the samples from the sea urchins within
ac h gr oup (Fig. 4 B). A few phyla had different abundances among
he gr oups, suc h as Desulfobacter ota, Spir oc haetota, and Firmi-
utes that sho w ed reduced abundances in the microbiome sam-
les of the diseased group compared to samples from the recov-
red and healthy group microbiomes . T he ZymoResearch pipeline
imilarly sho w ed that all microbiomes w ere dominated b y Pro-
eobacteria and Bacteroidota, and that there were a few phyla that
iffered in abundance among the groups, including Spirochaetota,
irmicutes, and Verrucomicrobia ( Supplementary Data File 3;
igure S4 and Table S2, Supporting Information ). Because these
 hanges wer e e vident at the le v el of phylum, this indicated signif-
cant changes to the microbiomes . Furthermore , differences in the
bundances of certain phyla suggested that the microbiomes on
he diseased sea urchins were altered and that changes to the mi-
r obiomes occurr ed as the sea urc hins r ecov er ed fr om the BSUD
nfection. 

 he micr obiomes on the thr ee gr oups of sea ur c hins show
ifferences in microbial composition 
axa identified in the microbiomes were also evaluated at the
enus le v el and those with an av er a ge r elativ e abundance
f > 1% for at least one sample across all groups were se-
ected and e v aluated for their r elativ e abundance per sam-
le (Fig. 5 ; Supplementary Data File 2; Table S5, Supporting
nformation ), which included the seawater samples for com-
arison ( Supplementary Data File 2; Table S6, Supporting
nformation ). Major differences in the compositions of the micro-
ial genera were evident among the three groups (Fig. 5 A) and
iffer ences wer e also e vident for all samples collected within
he groups of sea urchins (Fig. 5 B). Psychromonas and Vibrio had
imilar abundances in all three groups, ho w ever, the majority of
he most abundant genera had abundances that differed among
he thr ee gr oups (see the GitHub r epository for the complete ta-
le). For example, the genera Colwellia , Leucothrix , and a genus
r om the famil y Erwiniaceae wer e highl y abundant in the dis-
ased group microbiomes compared to the recovered and healthy
r oup micr obiomes. Alternativ el y, Desulfotalea and a genus of
he family Marinifilaceae were lo w er in abundance in the dis-
ased group microbiome compared to the recovered and healthy
r oup micr obiomes. Similarl y, the ZymoResearc h pipeline sho w ed
hat Psychromonas and Vibrio had similar abundances among all
hr ee gr oups, but that man y other gener a differ ed in abundance,
uch as Colwellia , Leucothrix , and Erwinia , which were elevated
n the diseased gr oup micr obiomes ( Supplementary Data File
; Figure S5 and Table S3, Supporting Information ). These re-
ults suggested distinct microbial compositions of the micro-
iomes for the three groups of sea urchins, which was in agree-
ent with significant differences identified for beta diversity

Fig. 3 D). 
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Figur e 3. T he surface microbiomes of sea urchins with BSUD have decreased alpha diversity compared to both recovered and healthy sea urchins. 
Alpha diversity was analyzed by (A) the Observed Species index, (B) the Chao1 index, and (C) the ACE index. Groups include microbiomes collected 
from the sea urchins and microbes in the aquarium sea water. T he box plots show the av er a ge and quartile values for each group. The Chao1 index 
and the ACE index show significant differences between the diseased and r ecov er ed gr oups (ANOVA, P < .05). Error bars in the Chao1 index indicate 
the result as an estimate of diversity. (D) The microbial compositions of the surface microbiome are different among the three groups of sea urchins. 
Bray–Curtis distances estimates of beta diversity shows distinct differences for the bacterial composition and membership of ASVs in the microbiomes 
among the three groups of sea urchins. Ellipses show the 95% confidence intervals for the samples collected from sea urchins in each group. 
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Major shifts to the microbial composition are associated 
with r ecover y fr om BSUD 

Because the microbiome samples collected for the diseased and 
r ecov er ed gr oups of sea urc hins wer e obtained at different times 
from the same animals housed in aquarium B, changes in the 
taxa on their surface microbiomes could be compared directly 
to identify taxa associated with BSUD. Notably, the surface mi- 
crobiomes of the diseased group had ele v ated abundances of Col- 
wellia , Erwiniaceae , Leucothrix , Lutibacter , and NS10 marine group,
compared to the microbiomes on the sea urchins after recov- 
ery (Fig. 5 ). Alternativ el y, the r ecov er ed gr oup had ele v ated abun- 
dances of Alteromonadaceae , Bacteroida, Desulfotalea , Gammapro- 
teobacteria, and Marinifilaceae compared to the diseased group 
samples . T he ZymoResearc h anal ysis identified man y similar gen- 
er a as ele v ated in the micr obiomes of diseased sea urc hins, in- 
cluding Erwinia , Leucothrix , Cowellia , and Lutibacter. Furthermore,
many similar taxa were also identified as ele v ated in the recov- 
r ed gr oup including Desulfotalea and Alteromonas ( Supplementary
ata File 3 ; Figures S5 , S6 , and Table S3 , Supporting Information ).
n contrast to our pipeline, the ZymoResearch pipeline assigned 
atches to species for many taxa, which identified species within
ener a that wer e either ele v ated or r educed in the diseased
r oup micr obiomes ( Supplementary Data File 3 ; Figur es S7 and
8 , Supporting Information ). For example, species Colwellia me-
nggei , Leucothrix mucor , and Erwinia rhapontici wer e ele v ated in
he diseased group microbiomes ( Supplementary Data File 3 ;
igure S7A –C , Supporting Information ). These taxonomic differ-
nces suggested that as the sea urc hins r ecov er ed fr om BSUD,
he species membership on their surface microbiomes underwent 
ajor shifts in composition. 

ifferent aquaria show distinct microbial compositions 
icrobiome samples collected from recovered and healthy sea 
r chins w ere both from noninfected sea urchins but were housed
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Figur e 4. T he surface microbiomes are dominated by Proteobacteria and Bacteroidota. The phyla shown have an av er a ge r elativ e abundance of > 0.1% 

for at least one sample across the groups ( Supplementary Data File 2; Table S3, Supporting Information ). The taxa are shown as (A) the average 
r elativ e abundance in the microbiomes for each group, and (B) the relative abundance for samples collected from each sea urchin in the three groups 
as well as the water samples. Samples from sea urchins are indicated in (B) as diseased (D), recovered (R), and healthy (H), and the numbers (1–4) 
correlate with the four sea urchins within each group. Water samples are indicated with a (W). 

Figur e 5. T he most abundant genera in the microbiomes differ among the three groups of sea urchins . T he genera shown have an average relative 
abundance of > 1% for at least one sample ( Supplementary Data File 2; Table S5, Supporting Information ). The results show (A) the av er a ge r elativ e 
abundance of microbial taxa from all sea urchins in each sample group and (B) the relative abundance of taxa for samples collected from each sea 
urchin in each of the three sample groups as well as the water samples. Taxa are listed to the right, and ASVs that could not be assigned a genus are 
indicated as the next matching taxonomic level. Samples from sea urchins are indicated in (B) as diseased (D), recovered (R), and healthy (H), and the 
numbers (1–4) correlate with the four sea urchins within each group. Water samples are indicated with a (W). 
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n differ ent aquaria. Ther efor e, a comparison among the micro-
ial compositions for these two gr oups wer e used to identify dif-
erences attributed to different shipments of sea urchins and to
ousing in separate aquarium en vironments . T he genera in the
icrobiomes of the recovered sea urchins in aquarium B had
le v ated Alteromonadaceae , Gamma pr oteobacteria, Ruegeria , and
pongiibacteraceae compared to the microbiomes of the healthy sea
rchins in aquarium A (Fig. 5 ). In contrast, the healthy sea urchin
icrobiomes had elevated Bacteroidetes BD2-2, Desulfotalea , Leu-

othrix, Marinifilaceae , and Roseimarinus compared to the micro-
iomes from the recovered group. Results from the ZymoResearch
ipeline identified many taxonomic differences between the re-
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cov er ed and healthy group microbiomes, but the results differed 
from the taxa identified by our pipeline ( Supplementary Data File 
3; Figures S5, S6, and Table S3, Supporting Information ). For ex- 
ample, taxa ele v ated in the r ecov er ed gr oup micr obiomes wer e 
Alteromonas , Sulfurimonas , and Cobetia , and taxa ele v ated in the 
healthy group microbiomes were Parvularcula , Pseudoalteromonas , 
and Neiella (Supplementary Data File 3; Figure S6, Supporting 
Information ). Nonetheless, both e v aluations of the taxonomic dif- 
ferences indicated distinct microbial compositions of sea urchins 
fr om differ ent shipments housed in differ ent aquaria. 

The major differences in microbial composition based on the 
most abundant taxa are demonstrated for the three groups 
of sea ur c hins 
In addition to e v aluating the most abundant taxa, those that 
sho w ed significant differences among samples were evaluated 
using LEfSe ( Supplementary Data File 2; Table S7, Supporting 
Information ). The most abundant taxa in the microbiomes from 

the three groups of sea ur chins w ere generally different (Fig. 6 ).
The differ entiall y abundant taxa in the microbiomes of the dis- 
eased gr oup r elativ e to the other two gr oups wer e also some of 
the most abundant taxa. Ther efor e, these taxa may be k e y to the 
composition of the microbiomes on sea urchins with BSUD and in- 
cluded ASVs of the genera Colwellia , Leucothrix , Roseimarinus , and 
the families Spongiibactereaceae and Rhodobacteraceae . There were 
also differ entiall y abundant taxa that were not the taxa of high- 
est abundance , which ma y still be k e y to the composition of the 
micr obiomes. Notabl y, families fr om whic h m ultiple ASVs wer e 
identified as differ entiall y abundant in the diseased gr oup micr o- 
biomes included Saprospiraceae , of which two ASVs were within 
the genus Aureispira . Furthermor e, fiv e ASVs were identified in the 
family Roseobacteraceae , of which two were within the genus Halo- 
c ynthiibacter , and there w ere three ASVs in the family Flavobacte- 
riaceae . Results from LEfSe in the ZymoResearch pipeline iden- 
tified many similar differentially abundant taxa in the diseased 
gr oup micr obiomes, including C. meonggei , Lutibacter agarilyticus ,
L. mucor , and a genus of the family Saprospiraceae , among oth- 
ers ( Supplementary Data File 3; Tables S4 and S5, Supporting 
Information ). Man y taxa wer e also differ entiall y abundant in the 
r ecov er ed and healthy gr oup micr obiomes (Fig. 6 ). Notabl y, the 
r ecov er ed gr oup micr obiomes had m ultiple ASVs of the gener a 
Clostridia and Desulfovibrio , whereas ASVs of the genus Desulfo- 
talea , Marinifilaceae , and Pseudahrensia wer e differ entiall y abun- 
dant in the microbiomes of the healthy gr oup. The r esults of 
the LEfSe analysis in the ZymoResearch pipeline ov erla pped with 
the results of our pipeline and included Desulfovibrio and Coxiella 
as differ entiall y abundant in the r ecov er ed gr oup micr obiomes,
and Desulfotalea , Shewanella , and Draconicbacterium in the healthy 
gr oup micr obiomes ( Supplementary Data File 3; Tables S4 and S5, 
Supporting Information ). These differ entiall y abundant taxa iden- 
tified by LEfSe for both pipelines in the microbiomes for the recov- 
ered and healthy groups defined the differences between the two 
shipments of sea urchins that were housed in different aquaria.
The differences among the microbiomes of the three groups were 
in a gr eement with the beta div ersity r esults (Fig. 3 ) and identified 
the set of k e y taxa underlying the differences in microbial com- 
position. Ov er all, differ ential abundances of taxa sho w ed that as 
sea urc hins tr ansitioned fr om infection to r ecov ery, their micr o- 
biomes underwent major shifts in bacterial composition. This was 
in a gr eement with the e v aluation of taxa that wer e of the gr eatest 
abundance . Furthermore , differential abundances were also evi- 
ent for sea urchins from different shipments housed in different
quaria. 

iscussion 

 he char acteristics of BSUD are highl y v ariable 

he BSUD outbreak in aquarium B sho w ed consistent symptoms
or e v ery sea urc hin, including unusual primary spine mov ement
nd positioning before their loss over the entire surface of the an-
mals, in addition to abnormal tube foot behavior and damage to
he epidermal tissue. Disease r ecov ery was evident based on re-
rowth of the primary spines for all animals. Because the symp-
oms were observed more than 90 days after the arrival of the
ea urchins, the basis for the disease onset is not understood but
a y ha v e been a combination of se v er al possible factors. At least
ome of the microbes that arrived with the sea urchins housed
n aquarium B may have been involved in the disease onset, in
ddition to unknown effects of the pen/strep treatments on the
icrobiomes, a shift in the surface microbiome that occurs when
ea urc hins ar e mov ed fr om the ocean to a closed aquarium (Wes-
el et al. 2022 ), and perhaps the microbial environment of aquar-
um B in which they were housed. The recovery from BSUD infers
hat the skeletogenic cells, which are involved in the regenera- 
ion pr ocess, ar e either not affected by BSUD, or that these cells
igr ate fr om noninfected r egions of the body including the sub-
ermal test onto the spine tubercles to function in rebuilding the
rimary spines (Heatfield 1970 , 1971 , Heatfield and Travis 1975 ,
ärkel and Röser 1983 , Dubois and Ameye 2001 , Politi et al. 2004 ,
einardy et al. 2015 , Emerson et al. 2017 ). BSUD symptoms re-
orted here differ somewhat from most other reports of BSUD,
potting disease, and other similar diseases in echinoids (Table 1 ).
he majority of reports describe spine loss from discrete lesions
s the most common c har acteristic of the disease (e.g . Maes and
 angoux 1984b ), ho w e v er, ther e ar e a fe w r eports of BSUD show-
ng general spine loss in the absence of lesions (Clemente et al.
014 , Brink et al. 2019 , this paper). The wide range of BSUD symp-
oms suggests significant variation in the pathogenicity of the in-
ection, which infers that many different microbes and/or oppor- 
unistic bacteria may underlie this variable pathology and disease 
e v erity. The micr obial composition of BSUD r eported her e may
ot have been as pathogenic as in other reports given that the sea
rc hins r ecov er ed fr om the disease in our facility, wher eas BSUD
as been documented to cause mass mortalities in marine envi-
onments (Pearse et al. 1977 , Boudouresque et al. 1980 , Azzolina
t al. 1985 ). Variation in the bacterial composition of diseased sea
rchins based on sequence data is not unusual and has been re-
orted pr e viousl y in whic h sea urc hins fr om differ ent locations in
he ocean show distinct bacterial compositions associated with 
iscrete lesions (Becker et al. 2008 ). This may be a basis for the
ifferences in the microbiomes reported here for the two ship-
ents of animals housed in different aquaria. This concept is fur-

her supported by the taxa identified in the diseased microbiome
or the sea urchins in aquarium B, which differ greatly from the
axa identified in other reports of BSUD (Gilles and P ear ce 1986 ,
ecker et al. 2008 , Brink et al. 2019 ). Our results suggest that the
acterial composition associated with BSUD can include a vari- 
ty of bacterial species that can differ based on the location of
he sea urchins, suggesting that many combinations of bacteria 
ay cause symptoms consistent with BSUD. Ov er all, the v aria-

ion in the symptoms described in reports of BSUD suggest that
ifferences in the microbiomes and/or the types of opportunistic 
acteria may impact the le v el of symptoms and se v erity of the

https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data
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Figure 6. Man y micr obial taxa ar e significantl y differ entiall y abundant among the gr oups. A heatma p shows the r elativ e abundance of the taxa in 
each sample within the three groups including the water samples. Identified taxa are ASVs and the lo w est kno wn taxonomic classification is listed. 
Taxonomic names that are colored have a notably reduced abundance or are completely absent in the other two group microbiomes . T he taxa 
displa yed ha v e an LDA scor e of > 3.1 based on identification by LEfSe. All taxa with an LDA scor e of > 3.0 along with their LDA scor e and P -v alues ar e 
available in Supplementary Data File 2; Table S7 (Supporting Information ). The threshold was increased for better visualization of the data. 
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isease. Based on results presented here, we suggest that the ob-
erved symptoms, including spine loss and surface discoloration
r e gener al indicators of man y differ ent sea urc hin diseases that
all within the category of BSUD. 

any factors may contribute to an altered 

icrobial community 

ur findings for S. purpuratus indicate that the microbiome on
iseased sea urchins is distinct from that on nondiseased sea
rc hins, and that r ecov ery fr om disease is associated with sig-
ificant changes in the bacterial composition of the surface mi-
r obiome. Furthermor e, the similarities between the microbiome
ompositions on the sea urchins compared to that in the aquar-
um seawater are maintained over time as the sea urchins recov-
r ed fr om BSUD. Because both aquaria are equipped with UV lamp
ousings that function to eliminate live microbes from the sea-
ater, this suggests that the animals release bacteria from their
urfaces that impact the aquarium micr obiome r ather than the
 e v erse. Based on our practices of sea urchin care in which each
hipment of sea urchins is housed in different aquaria, the com-
osition of the microbiome of the sea urchins that arrive in a
iven shipment may determine or gr eatl y influence the micro-
ial composition of the aquarium. Clearly, this variation among
ea urchins in different aquaria is maintained to some extent
 v en though the micr obiome under goes major changes when sea
rc hins ar e tr ansferr ed fr om their natur al envir onment to an
quarium. For example, less than 10% of ASVs identified in the
icrobiome of spines are retained on the variegated sea urchin,

ytec hinus v ariegatus , when they ar e mov ed fr om Bisca yne Ba y,
lorida to a labor atory envir onment (Wessel et al. 2022 ). Although
he pen/str ep tr eatments that all sea urc hins r eceiv e upon arriv al
ay also alter the surface microbiome, this treatment improves
urvival after shipping and has been reported to impr ov e surviv al
f a lesion syndrome disease similar to BSUD in Strongylocentrotus
ntermedius (Wang et al. 2013a ). It is noteworthy that the animals
oused in aquarium B that acquired BSUD have been the only

https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data


Shaw et al. | 11 

 

 

 

 

 

 

 

 

s
a  

a  

S  

T  

a
1  

a  

t  

t  

t  

i
d  

o  

t  

t  

a  

p  

i  

i  

c
 

p  

b  

h
t  

m  

e
m  

a  

f  

s  

p  

A
S
i  

s  

a  

t  

b  

p
 

f  

n  

u  

f
i
g  

s  

s  

v  

N  

v  

a  

1  

o  

2  

2  

b
a  

T  

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

spd/article/doi/10.1093/fem
spd/ftad025/7275090 by guest on 09 O

ctober 2023
shipment to our laboratory in which all sea urchins contracted 
a disease . T his ma y infer that these particular sea ur chins w ere 
different in some way, possibly in the composition of the micro- 
biome of one or more of the animals, that resulted in all animals 
contracting BSUD. 

Biomark ers rev eal microbial associations with 

disease and health 

Culturing marine bacteria poses challenges because few microbes 
in a sample will grow on marine media, thereby making it dif- 
ficult to identify causativ e a gents of disease. Her e, we opted to 
c har acterize the microbiome associated with BSUD using high 
throughput sequencing to capture the breadth of microbes as- 
sociated with the disease. Because bacteria were not cultured,
we did not identify a causative agent through reinfection ex- 
periments and addressing Koch’s P ostulates . Furthermore , the 
sequence data did not identify a k e y underlying pathogen of 
BSUD, but instead sho w ed that ther e ar e man y taxa with ele- 
vated abundance or taxa that are significantly differentially abun- 
dant in the microbiomes of the diseased sea urchins. Notable 
taxa that we identified include Colwellia , Leucothrix , Aureispira ,
Spongiibacter aceae , Roseobacter aceae , Rickettsiaceae , Rhodobacter aceae ,
and Flavobacteriaceae , which may be involved in BSUD progression 
based on their ele v ated r elativ e abundances in the microbiomes 
of the infected sea urchins . T he analysis of the same sequences 
b y the ZymoResear c h pipeline also identified man y of the same 
taxa as associated with BSUD, particularly Colwellia and Leucothrix ,
whic h str engthens the likelihood of their association with BSUD.
Ho w e v er, incr eased abundances of certain taxa may not neces- 
sarily be pathogenic, and instead may be the outcome of an al- 
ter ed host–micr obe inter action (Faust et al. 2015 ). Alternativ el y, it 
is also possible that some taxa with low abundance that are also 
differ entiall y abundant in the diseased gr oup micr obiomes may 
be involved in BSUD progression, such as species of the genera 
Aureispira , Lutimonas , and Fusibacter (Fig. 6 ). Ho w e v er, our assump- 
tion here is that taxa involved in BSUD hav e ele v ated abundance.
Because ther e ar e man y taxa with incr eased r elativ e abundance 
in the infected sea urchin microbiome samples and there is no 
dominant taxon identified by either pipeline for these samples, it 
is feasible that a subset of these bacteria act collectiv el y to cause 
the BSUD symptoms that we observed. This is conceptually akin 
to microbial dysbiosis (Sweet et al. 2020 ). 

The taxa identified here as associated with BSUD mostly differ 
from a previous report that analyzed the microbiome of dissected 
tissues of the collector sea urchin, Tripneustes gratilla , that showed 
a BSUD symptom of primary spine loss (Brink et al. 2019 ). How- 
e v er, ther e ar e major differ ences in the taxa that show incr eased 
abundance in the microbiomes of infected T. gratilla, which in- 
cluded Agarivorans , Arcobacter , Loktanella , and Leisingera , among 
others that were not identified for infected S. purpuratus . Alterna- 
tiv el y, Leucothrix and Rhodobacteraceae are associated with diseased 
S. purpuratus and T. gratilla , which suggests that these taxa either 
contribute to the disease symptoms or are common opportunists.
Furthermor e, a causativ e a gent underl ying BSUD in T. gratilla was 
not identified, leading to the similar conclusion that a combina- 
tion of microbial agents underlie BSUD symptoms . Nonetheless ,
the differences between the taxa that we report here for S. purpu- 
ratus and the report for T. gratilla (Brink et al. 2020) infer that dif- 
ferent compositions of microbes may cause similar disease symp- 
toms, e v en in different sea urchin species. 

This analysis of BSUD on S. purpuratus based on results from 

both pipelines demonstrated that the majority of the taxa as- 
ociated with the microbiomes on the diseased sea urchins 
r e Gr am negativ e. Ho w e v er, it was unexpected that Vibrio had
 similar r elativ e abundance acr oss all thr ee gr oups (Fig. 5 ;
upplementary Data File 3; Figure S7I, Supporting Information ).
his result is inconsistent with multiple reports of direct associ-
tions between Vibrio and sea urchin disease (Gilles and Pearse 
986 , Li et al. 2000 , Wang et al. 2005 , 2013a , Ho et al. 2016 , Hira
nd Stensvåg 2022 ) and suggests that Vibrio may not be an essen-
ial pathogen that causes BSUD in this study. These findings fur-
her support the notion that variations in the microbial composi-
ion of the microbiome underlies variations in BSUD symptoms,
nferring that BSUD infections may be fundamentally different in 
ifferent species of sea urchins and also in different populations
f the same species of sea urchins located in different regions of
he oceans . T his notion is supported b y the differences betw een
he microbiomes of the r ecov er ed and healthy sea urc hins, whic h
re housed in different aquaria, and have distinct microbial com-
ositions despite being the same species of sea urchin. This may
nfer that the local microbial marine environment plus the host
nteraction with the surface microbiome both act to shape the mi-
robial composition on the echinoid surface. 
Taxa that are reduced in abundance in the diseased group sam-

les and are elevated in the recovered group samples may not
e involved in causing BSUD, but instead may be indicators of a
ealthy microbiome on the nondiseased sea urchins. Some taxa 
hat are reduced in abundance in the diseased group samples
ay be outcompeted by other taxa that contribute to the dis-
ase symptoms. Bacteroidetes BD-2, Desulfotalea , and Marinifilaceae 
ay be the best indicators of a healthy microbiome because they
r e highl y abundant on both r ecov er ed and healthy sea urchins
rom both aquaria (Fig. 5 ). The ZymoResearch pipeline identified
imilar taxa as reduced in the diseased group microbiome com-
ared to the recovered and healthy groups, such as Desulfotalea ,
lteromonas , and Sulfurimonas (Supplementary Data File 3; Figure 
5, Supporting Information). If these taxa are normally elevated 
n the surface microbiome when sea urc hins ar e in a nondiseased
tate, decreases in these taxa may be indicators that sea urchins
r e under going dysbiosis, whic h may be a preliminary condition
hat leads to disease. Monitoring the taxa of the surface micro-
iome in aquaria or in natural environments could be used for
redicting disease onset. 
Recov ery fr om infectious bacterial diseases in any animal in-

ers the involvement of the immune system. Although we did
ot investigate the complexities of immune functions in the sea
r chins, w e suggest that in addition to responding to internal in-
ections, the immune system also acts to regulate host–microbe 
nteractions on the animal surface. For example, CRISPRCas9 
ene knoc k out in sea urchins that pr e v ents the pr oduction of
e v er al na phthoquinones, including ec hinoc hr ome A and se v er al
pinoc hr omes, alters the microbiome of spines and decreases sur-
ival of the sea urchins (Yaguchi et al. 2020 , Wessel et al. 2022 ).
a phthoquinone knoc k-outs also r esult in the failur e of some lar-
 ae to surviv e in a micr obial envir onment (Wessel et al. 2020 ). The
ntimicr obial pr operties of ec hinoc hr ome A (Service and Wardlaw
984 , Lebedev et al. 2005 , Coates et al. 2018 ) in red spherule cells
f adult coelomocytes (Coates et al. 2018 ; r e vie wed in Smith et al.
018 ) and in pigment cells in larvae (Ho et al. 2016 , Buckley et al.
017 ) is consistent with their immune functions and responses to
acterial contact, infections, and injuries (Johnson 1969 , Heatfield 
nd Travis 1975 , Coffaro and Hinegardner 1977 , Allen et al. 2022 ).
 hus , the na phthoquinone knoc k-outs in adult sea urc hins infer
he presence of a surface immune system and when it is altered,
he surface microbiome changes and may result in dysbiosis . T his
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oncept of host–microbe regulation in aquatic organisms is con-
istent with functions of mucosal innate immunity in aquatic ver-
ebrates (Gomez et al. 2013 , Varga et al. 2019 ). 

onclusions 

ere, we describe sea urchins housed in a single aquarium that
ll contracted BSUD, which is characterized as a surface infec-
ion with the loss of all primary spines, in the absence of dis-
rete lesions. Based on the results from two different analytical
ipelines, we identify distinct microbial compositions of the sur-
ace microbiomes among diseased, recovered, and healthy sea
rc hins, whic h show a correlation between r ecov ery fr om disease
nd changes to the surface microbiome of sea urchins. We find
hat the surface microbiome composition can differ among in-
ividual animals or among different populations . T his suggests
hat BSUD may be caused by a variety of combinations of bacte-
ia based on both the local microbial environment and the inter-
ctions with the sea urchin surface tissues. Results are consistent
ith our inability, and that of others, to identify a pathogen or a
roup of microbes that are consistently associated with BSUD, and
nfers that many BSUD infections, or e v en eac h infection, may be
nique. 

uthor’s contributions 

hloe G. Shaw (Data curation, Formal analysis , In vestigation,
ethodology, Validation, Visualization, Writing – original draft,
riting – r e vie w & editing), Christina P avloudi (Formal anal ysis,
ethodology, Visualization, Writing – r e vie w & editing), Megan A.
ar ela Hudgell (Conceptualization, Inv estigation, Writing – r e vie w
 editing), Ryley S. Crow (Visualization, Writing – r e vie w & edit-

ng), Jimmy H. Saw (Methodology, Resources, Supervision, Writ-
ng – r e vie w & editing), R. Alexander Pyron (Visualization), and L.
ourtne y Smith (Conce ptualization, Funding acquisition, Inves-
igation, Methodology, Pr oject administr ation, Resources, Super-
ision, Visualization, Writing – original draft, Writing – r e vie w &
diting). 

c kno wledgments 

his r esearc h w as supported b y funding from the US National Sci-
nce Foundation (NSF IOS 1855747) to L.C .S ., a Sigelman Under-
r aduate Researc h Enhancement aw ar d and a Luther Rice Under-
r aduate Researc h Fellowship to C .G.S . This work was completed
n part with resources provided by the High Performance Com-
uting Cluster at The George Washington University, Information
ec hnology, Researc h Tec hnology Services . T he authors ar e gr ate-
ul to Dr Mark Ree v es for help in setting up the vacuum filtering
ystem for collecting microbes. 

upplementary data 

upplementary data is available at FEMSPD Journal online. 

onflict of interest : None declared. 

eferences 

llen RL , George AN, Miranda E et al. Wound repair in sea urchin
larv ae involv es pigment cells and blastocoelar cells. Dev Biol
2022; 491 :56–65. https:// doi.org/ 10.1016/ j.ydbio.2022.08.005 
zzolina JF , Boudouresque CHF, Nedelec H. Dynamique des pop-
ulations de Paracentrotus lividus dans la baie de Port-Cros
(Var): données pr éliminair es. Sci Rep Port-Cros Natl Park 1985; 11 :
61–81.

auer J , Young C. Epidermal lesions and mortality caused by vibriosis
in deep-sea Bahamian echinoids: a laboratory study. Dis Aquat
Org 2000; 39 :193–9. https:// doi.org/ 10.3354/ dao039193 

ecker PT , Egea E, Eeckhaut I. Characterization of the bacterial com-
munities associated with the bald sea urchin disease of the echi-
noid Paracentrotus lividus . J Invertebr Pathol 2008; 98 :136–47. https:
// doi.org/ 10.1016/ j.jip.2007.12.002 

ecker PT , Gillan D, Eeckhaut I. Microbiological study of the body
wall lesions of the echinoid Tripneustes gratilla . Dis Aquat Org
2007; 77 :73–82. https:// doi.org/ 10.3354/ dao01821 

oudouresque CF , Nedelec H, Shepherd SA. The decline of a popula-
tion of the sea urchin Paracentrotus lividus in the Bay of Port-Cros
(Var, France). Trav Sci Parc Natl Port-Cros 1980; 6 :243–51.

ray JR , Curtis JT. An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr 1957; 27 :326–49.

rink M , Rhode C, Macey BM et al. Metagenomic assessment of
body surface bacterial communities of the sea urchin, Tripneustes
gratilla . Mar Genomics 2019; 47 :100675. https:// doi.org/ 10.1016/ j.
margen.2019.03.010 

uckley KM , Ho ECH, Hibino T et al. IL17 factors ar e earl y r egulators
in the gut epithelium during inflammatory response to Vibrio in
the sea urchin larva. eLife 2017; 6 :e23481. https:// doi.org/ 10.7554/
eLife.23481 

allahan BJ , McMurdie PJ, Rosen MJ et al. D AD A2: high-resolution
sample infer ence fr om Illumina amplicon data. Nat Methods
2016; 13 :581–3. https:// doi.org/ 10.1038/ nmeth.3869 

ao Y . micr obiomeMarker: micr obiome biomarker anal ysis toolkit.
R P ac ka ge Version 132. GitHub, 2022. https://github.com/yiluhei
hei/micr obiomeMarker . (30 May 2023, date last accessed).

hao A , Lee SM. Estimating the number of classes via sample cover-
age. J Am Stat Assoc 1992; 87 :210–7.

hao A . Nonparametric estimation of the number of classes in a pop-
ulation. Scand J Stat 1984; 11 :265–70. https:// doi.org/ 10.2307/ 4615
964 

hi X , Huang X, Hu F et al. Transmission of black mouth disease
shed light on the aquacultur e mana gement of the sea urchin
Strongylocentrotus intermedius . Aquaculture 2022; 549 :737788. https:
// doi.org/ 10.1016/ j.aquaculture.2021.737788 

lemente S , Lor enzo-Mor ales J, Mendoza JC et al. Sea urchin Diadema
africanum mass mortality in the subtropical eastern Atlantic: role
of waterborne bacteria in a warming ocean. Mar Ecol Prog Ser
2014; 506 :1–14. https:// doi.org/ 10.3354/ meps10829 

oates CJ , McCulloch C, Betts J et al. Ec hinoc hr ome A r elease by r ed
spherule cells is an iron-withholding strategy of sea urchin innate
immunity. J Innate Immun 2018; 10 :119–30. https:// doi.org/ 10.115
9/000484722 

offaro KA , Hinegardner RT. Immune response in the sea urchin,
Lytechinus pictus . Science 1977; 197 :1389–90. https:// doi.org/ 10.112
6/science.331476 

ubois P , Ameye L. Regeneration of spines and pedicellariae in echin-
oderms: a r e vie w. Microsc Res Tec h 2001; 55 :427–37. https://doi.org/
10.1002/jemt.1188 

merson CE , Reinardy HC, Bates NR et al. Ocean acidification impacts
spine integrity but not r egener ativ e ca pacity of spines and tube
feet in adult sea urchins. R Soc Open Sci 2017; 4 :170140. https://do
i.org/ 10.1098/ rsos.170140 

aust K , Lahti L, Gonze D et al. Metagenomics meets time series anal-
ysis: unr av eling micr obial comm unity dynamics. Curr Opin Micro-
biol 2015; 25 :56–66. https:// doi.org/ 10.1016/ j.mib.2015.04.004 

https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftad025#supplementary-data
https://doi.org/10.1016/j.ydbio.2022.08.005
https://doi.org/10.3354/dao039193
https://doi.org/10.1016/j.jip.2007.12.002
https://doi.org/10.3354/dao01821
https://doi.org/10.1016/j.margen.2019.03.010
https://doi.org/10.7554/eLife.23481
https://doi.org/10.1038/nmeth.3869
https://github.com/yiluheihei/microbiomeMarker
https://doi.org/10.2307/4615964
https://doi.org/10.1016/j.aquaculture.2021.737788
https://doi.org/10.3354/meps10829
https://doi.org/10.1159/000484722
https://doi.org/10.1126/science.331476
https://doi.org/10.1002/jemt.1188
https://doi.org/10.1098/rsos.170140
https://doi.org/10.1016/j.mib.2015.04.004


Shaw et al. | 13 

 

 

 

L  

 

 

L  

L  

 

L  

M  

 

M
 

M  

M  

 

N  

O  

P  

 

P  

Q  

 

R  

 

R  

 

 

R  

R
 

 

S  

S  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

spd/article/doi/10.1093/fem
spd/ftad025/7275090 by guest on 09 O

ctober 2023
F ederico S , Gla viano F, Esposito R et al. The “bald disease” of the sea 
urchin Paracentrotus lividus : pathogenicity, molecular identifica- 
tion of the causative agent and therapeutic approach. Microorgan- 
isms 2023; 11 :763. https:// doi.org/ 10.3390/ microorganisms110307 
63 

Gehlenborg N . _UpSetR: a more scalable alternative to Venn and 
Euler dia gr ams for visualizing intersecting sets. R P ac ka ge Ver- 
sion 140. CRAN, 2019. https://CRAN.R-pr oject.or g/package=UpS 
etR . (30 May 2023, date last accessed).

Gilles KW , P ear ce JS. Disease in sea urchin Strongylocentrotus purpura- 
tus : experimental infection and bacterial virulence. Dis Aquat Org 
1986; 1 :105–14. https:// doi.org/ 10.3354/ DAO001105 

Girard D , Clemente S, Toledo-Guedes K et al. A mass mortality of 
subtropical intertidal populations of the sea urchin Paracentrotus 
lividus : analysis of potential links with environmental conditions.
Mar Ecol 2011; 33 :377–85. https:// doi.org/ 10.1111/ j.1439-0485.2011 
.00491.x 

Gomez D , Sunyer OJ, Salinas I. The m ucosal imm une system of fish: 
the evolution of tolerating commensals while fighting pathogens. 
Fish Shellfish Immunol 2013; 35 :1729–39. https:// doi.org/ 10.1026/ j.fs 
i.2013.09.032 

Gr ec h D , Mandas D, Farina S et al. Vibrio splendidus clade asso- 
ciated with a disease affecting Paracentrotus lividus (Lamarck, 
1816) in Sardinia (Western Mediterranean). J Invertebr Pathol 
2022; 192 :107783. https:// doi.org/ 10.1016/ J.JIP.2022.107783 

Heatfield BM , Travis DF. Ultrastructural studies of regenerating 
spines of the sea urchin Strongylocentrotus purpuratus . I. Cell types 
with spherules. J Morphol 1975; 145 :51–71. https:// doi.org/ 10.1002/ 
jmor.1051450104 

Heatfield BM . Calcification in echinoderms: effects of temperature 
and diamox on incor por ation of calcium-45 in vitro by regener- 
ating spines of Strongylocentrotus purpuratus . Biol 1970; 139 :151–63.
https:// doi.org/ 10.2307/ 1540133 

Heatfield BM . Origin of calcified tissue in r egener ating spines of the 
sea urc hin, Strong ylocentrotus purpuratus (Stimpson): a quantita- 
tiv e r adioautogr a phic study with tritiated thymidine. J Exp Zool 
1971; 178 :233–46. https:// doi.org/ 10.1002/ jez.1401780208 

He wson I , Ritc hie IT, Ev ans JS et al. A scuticociliate causes mass 
mortality of Diadema antillarum in the Caribbean Sea. Sci Adv 
2023; 9 :eadg3200. https:// doi.org/ 10.1126/ sciadv.adg3200 .

Hir a J , Stensvåg K. Evidence for association of Vibrio echinoideorum 

with tissue necrosis on test of the green sea urc hin Strong ylocen- 
trotus droebachiensis. Sci Rep 2022; 12 :4859. https:// doi.org/ 10.1038/ 
s41598- 022- 08772- 2 

Ho ECH , Buckley KM, Schrankel CS et al. Perturbation of gut bacteria 
induces a coordinated cellular immune response in the purple 
sea urc hin larv a. Immunol Cell Biol 2016; 94 :861–74. https://doi.or 
g/ 10.1038/ icb.2016.51 

Johnson PT . Studies on Diseased Urchins from Point Loma, Annual Report 
Kelp Habitat Improvement Project . Pasadena: California Institute of 
Technology, 1971, 82–90.

J ohnson PT . T he coelomic elements of the sea urc hins ( Strong y- 
locentrotus ). III. In vitro reaction to bacteria. J Invertebr 
Pathol 1969; 13 :4262. https:// doi.org/ 10.1016/ 0022-2011(69)9 
0237-7 

Kr assowski M . kr assowski/complex-upset. Zenodo, 2020, https://doi. 
org/ 10.5281/ zenodo.3700590 .

Lafferty KD . Fishing for lobsters indir ectl y incr eases epidemics in 
sea urchins. Ecol Appl 2004; 14 :1566–73. https:// doi.org/ 10.1890/ 03 
-5088 

Leahy PS . Laboratory culture of Strongylocentrotus purpuratus adults,
embryos and larvae. Methods Cell Biol 1987; 27 :1–13. https://doi.or 
g/ 10.1016/ s0091- 679x(08)60339- 8 
ebede v AV , Iv anov a MV, Le vitsky DO. Ec hinoc hr ome, a natur all y
occurring ir on c helator and fr ee r adical scav enger in artificial
and natur al membr ane systems. Life Sci 2005; 76 :863–75. https:
// doi.org/ 10.1016/ j.lfs.2004.10.007 

ex A , Gehlenborg N, Strobelt H et al. UpSet: visualization of inter-
secting sets. IEEE Trans Vis Comput Graph 2014; 20 :1983–92 

i R , Dang H, Huang Y et al. Vibrio coralliilyticus as an agent of red
spotting disease in the sea urc hin Strong ylocentrotus intermedius .
Aquac Rep 2020; 16 :100244. https:// doi.org/ 10.1016/ j.aqrep.2019.1 
00244 

i T , Xu S, Wang R et al. Preliminary studies on the black mouth
disease of sea urc hins, Strong ylocentrotus intermedius ( Strongylocen- 
trotidae Echinoidea). Mar Sci 2000; 24 :41–3.

aes P , Jangoux M. 1984a. The Bald Sea Urchin Disease: a Bacterial Infec-
tion, in Ec hinodermata . K eegan BF, O’Connor BDS (eds), Boca Raton:
CRC Press, 313–4.

aes P , Jangoux M. The bald-sea-urchin disease: a biopathological 
a ppr oac h. Helgoländer Meeresuntersuc hungen 1984b; 37 :217–24. http
s:// doi.org/ 10.1007/ BF01989306 

ärkel K , Röser U. The spine tissues in the echinoid Eucidaris tribu-
loides . Zoomorphol 1983; 103 :25–41. https:// doi.org/ 10.1007/ BF0031 
2056 

cMurdie PJ , Holmes S. Phyloseq: an R pac ka ge for r epr oducible
inter activ e anal ysis and gr a phics of micr obiome census data.
PLoS ONE 2013; 8 :e61217. https:// doi.org/ 10.1371/ journal.pone.0 
061217 

agelk erk en I , Smith GW, Snelders E et al. Sea urchin Meoma ventri-
cosa die-off in Curaçao (Netherlands Antilles) associated with a 
pathogenic bacterium. Dis Aquat Org 1999; 38 :71–4. https://doi.or 
g/ 10.3354/ dao038071 

ksanen J , Guillaume Blanchet F, Kindt R et al. Vegan: community
ecology pac ka ge. R P ac ka ge Version 22-1 2 1-2. CRAN, 2015,

earse J , Costa D, Yellin M et al. Localized mass mortality of red sea
urc hin, Strong ylocentrotus franciscanus , near Santa Cruz. Calif Bull
US Fish Comm 1977; 75 :645–8.

oliti Y , Arad T, Klein E et al. Sea urchin spine calcite forms
via a transient amorphous calcium carbonate phase. Science 
2004; 306 :1161–4. https:// doi.org/ 10.1126/ science.1102289 

uast C , Pruesse E, Yilmaz P et al. The SILVA ribosomal RNA gene
database pr oject: impr ov ed data pr ocessing and web-based tools.
Nucleic Acids Res 2013; 41 :D590–6. https:// doi.org/ 10.1093/ nar/ gk 
s1219 

 Core Team , R: A Language and Environment for Statistical Com-
puting . Vienna: R Foundation for Statistical Computing, 2021.
https://www.R-pr oject.or g/. (7 September 2023, date last ac- 
cessed).

einardy HC , Emerson CE, Manley JM et al. Tissue r egener ation and
biomineralization in sea urchins: role of notch signaling and pres-
ence of stem cell markers. PLoS ONE 2015; 10 :e0133860. https:
// doi.org/ 10.1371/ journal.pone.0133860 

ic hie KB , Na gelk erk en I, James S et al. A tetr odotoxin-pr oducing ma-
rine pathogen. Nature 2000; 404 :354. https://DOI 10.1038/3500616 
8 .

oberts-Regan D , Scheibling R, Jellett J. Natural and experimentally 
induced lesions of the body wall of the sea urchin Strongylocentro-
tus droebachiensis . Dis Aquat Org 1988; 5 :51–62. https:// doi.org/ 10.3
354/dao005051 

ammarco PW . Diadema and its relationship to coral spat mortality:
grazing, competition, and biological disturbance. J Exp Mar Biol 
Ecol 1980; 45 :245–72. https:// doi.org/ 10.1016/ 0022-0981(80)90061 
-1 

chuh NW , Carrier TJ, Sc hr ankel CS et al. Bacterial exposure medi-
ates de v elopmental plasticity and r esistance to lethal Vibrio lentus

https://doi.org/10.3390/microorganisms11030763
<https://CRAN.R-project.org/package=UpSetR>
https://doi.org/10.3354/DAO001105
https://doi.org/10.1111/j.1439-0485.2011.00491.x
https://doi.org/10.1026/j.fsi.2013.09.032
https://doi.org/10.1016/J.JIP.2022.107783
https://doi.org/10.1002/jmor.1051450104
https://doi.org/10.2307/1540133
https://doi.org/10.1002/jez.1401780208
https://doi.org/10.1126/sciadv.adg3200
https://doi.org/10.1038/s41598-022-08772-2
https://doi.org/10.1038/icb.2016.51
https://doi.org/10.1016/0022-2011(69)90237-7
https://doi.org/10.5281/zenodo.3700590
https://doi.org/10.1890/03-5088
https://doi.org/10.1016/s0091-679x(08)60339-8
https://doi.org/10.1016/j.lfs.2004.10.007
https://doi.org/10.1016/j.aqrep.2019.100244
https://doi.org/10.1007/BF01989306
https://doi.org/10.1007/BF00312056
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3354/dao038071
https://doi.org/10.1126/science.1102289
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0133860
https://doi.org/10.1016/bs.mcb.2018.11.006
https://doi.org/10.3354/dao005051
https://doi.org/10.1016/0022-0981(80)90061-1


14 | Pathogens and Disease , 2023, Vol. 81 

injection in purple sea urchin ( Strongylocentrotus purpuratus ) lar- 
 

S  

 

S  

 

 

S  

 

 

S  

 

 

S  

 

T  

 

 

T  

 

 

T  

 

 

 

T  

 

 

V  

 

Vega Thurber R , Burk e pile DE, Correa AMS et al. Macroalgae decrease 
 

 

V  

 

 

W  

 

W  

 

 

W  

 

 

W  

 

W  

 

W  

 

 

W  

 

 

 

X  

 

 

 

Y  

 

R
©
A

w

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

spd/article/doi/10.1093/fem
spd/ftad025/7275090 by gue
vae . F ront Immunol 2020; 10 :3014. https:// doi.org/ 10.3389/ fimmu.2
019.03014 

egata N , Izard J, Waldron L et al. Metagenomic biomarker discovery
and explanation. Genome Biol 2011; 12 :R60. https:// doi.org/ 10.118
6/gb- 2011- 12- 6- r60 

ervice M , Wardlaw AC. Ec hinoc hr ome-A as a bactericidal substance
in the coelomic fluid of Echinus esculentus (L.). Comp Biochem Physiol
B Comp 1984; 79 :161–5. https:// doi.org/ 10.1016/ 0305-0491(84)900
08-7 

mith LC , Arizza V, Barela Hudgell MA et al. Echinodermata: the
complex immune system in Echinoderms. In: Advances in Com-
parative Immunology . Cooper EL (ed.), New York: Springer Inter-
national Publishing, 2018, 409–501. https:// doi.org/ 10.1007/ 978- 
3- 319- 76768- 0 _ 13 .

mith LC , Byrne M, Gedan KB et al. Ecological outcomes of echino-
derm disease. Mass Die-offs, and Pandemics, in Invertebrate Pathology .
Rowley AF, Coates CJ, Whitten MMA (eds), Oxfor d: Oxfor d Univer-
sity Press, 2022, 563–88.

weet M . Sea urchin diseases: effects from individuals to ecosystems.
In: Sea Urc hins, Biolog y and Ecolog y . Lawr ence J (ed.), Cambridge:
Academic Press, 2020, 219–26.

ajima K , Hirano T, Shimizu M et al. Isolation and pathogenicity of
the causative bacterium of spotting disease of sea urchin Strongy-
locentrotus intermedius . Fish Sci 1997; 63 :249–52. https:// doi.org/ 10.2
331/fishsci.63.249 

 ajima K , T akeuchi K, Iqbal MM et al. Studies on a bacterial disease
of sea urchin Strongylocentrotus intermedius occurring at low water
temper atur es. Fish Sci 1998; 64 :918–20. https:// doi.org/ 10.2331/ fis
hsci.64.918 

 akeuchi K , T ajima K, Iqbal MM et al. T axonomical and serological
studies on the causative bacteria of the disease of sea urchin
Strongylocentrotus intermedius occurring at low water tempera-
tures. Fish Sci 1999; 65 :264–8. https:// doi.org/ 10.2331/ fishsci.65.26
4 

urner CR , Miller DJ, Coyne KJ et al. Impr ov ed methods for cap-
tur e, extr action, and quantitativ e assa y of en vironmental DNA
from Asian bigheaded carp ( Hypophthalmichthys spp.). PLoS ONE
2014; 9 :e114329. https:// doi.org/ 10.1371/ journal.pone.0114329 

 arga JF A , Bui-Marinos MP, Katzenback BA. Frog skin innate im-
mune defenses: sensing and surviving pathogens. Front Immunol
2019; 9 :3128. https:// doi.org/ 10.3389/ fimmu.2018.03128 
ecei v ed 16 May 2023; revised 9 September 2023; accepted 14 September 2023 
The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O
ttribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrest

ork is pr operl y cited.
growth and alter microbial community structure of the reef-
building coral, Porites astreoides . PLoS ONE 2012; 7 :e44246. https:
// doi.org/ 10.1371/ journal.pone.0044246 

irwani A , Rajeev S, Carmic hael-Br anford G et al. Gross and micro-
scopic pathology of West Indian sea eggs ( Tripneustes ventricosus ).
J Invert Path 2021; 179 :107526. https:// doi.org/ 10.1016/ j.jip.2020.1
07526 

ang B , Li Y, Li X et al. Pathogenic mechanism of causative Vibrio
found in “red spotting” diseased sea urc hin Strong ylocentrotus in-
termedius . J Dalian Fish Univ 2005; 20 :11–5.

ang L , He B, Chang Y et al. Characterization of the bacterial com-
munity associated with red spotting disease of the echinoid
Strongylocentrotus intermedius . Aquaculture 2020; 529 :735606. https:
// doi.org/ 10.1016/ j.aquaculture.2020.735606 

ang Y , Feng N, Li Q et al. Isolation and c har acterization of bacte-
ria associated with a syndrome disease of sea urchin Strongylo-
centrotus intermedius in North China. Aquac Res 2013b; 44 :691–700.
https:// doi.org/ 10.1111/ j.1365-2109.2011.03073.x 

ang YN , Chang YQ, Lawrence JM. Chapter 12: disease in sea
urchins. Dev Aquac Fish Sci 2013a; 38 :179–86. https:// doi.org/ 10.1
016/B978- 0- 12- 3964915.00012- 5 

eisburg. WG , Barns SM, Pelletier DA et al. 16S ribosomal
DNA amplification for phylogenetic study. J Bacteriol 1991; 173 :
697–703.

essel GM , Kiyomoto M, Reitzel AM et al. Pigmentation biosyn-
thesis influences the microbiome in sea urchins. Proc R
Soc 2022; 289 :1981. https:// doi.org/ 10.6084/ m9.figshare.c.613566
4.v1 

essel GM , Kiyomoto M, Shen T-L et al. Genetic manipulation of the
pigment pathway in a sea urchin reveals distinct lineage commit-
ment prior to metamorphosis in the bilateral to radial body plan
transition. Sci Rep 2020; 10 :1973. https:// doi.org/ 10.1038/ s41598-0
20- 58584- 5 

u S , Yu G. Micr obiotaPr ocess: a compr ehensiv e R pac ka ge for man-
aging and analyzing microbiome and other ecological data within
the tidy fr ame work. R P ac ka ge Version 166, GitHub, 2022. https:
//github.com/YuLab-SMU/Micr obiotaPr ocess . (30 May 2023, date
last accessed).

a guc hi S , Ya guc hi J, Suzuki H et al. Establishment of homozygous
knock-out sea urchins. Curr Biol 2020; 30 :R427–9. https://doi.org/
10.1016/j.cub.2020.03.057 
pen Access article distributed under the terms of the Cr eati v e Commons 
ricted reuse, distribution, and reproduction in any medium, provided the original 

st on 09 O
ctober 2023

https://doi.org/10.3389/fimmu.2019.03014
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/0305-0491(84)90008-7
https://doi.org/10.1007/978-3-319-76768-0_13
https://doi.org/10.2331/fishsci.63.249
https://doi.org/10.2331/fishsci.64.918
https://doi.org/10.2331/fishsci.65.264
https://doi.org/10.1371/journal.pone.0114329
https://doi.org/10.3389/fimmu.2018.03128
https://doi.org/10.1371/journal.pone.0044246
https://doi.org/10.1016/j.jip.2020.107526
https://doi.org/10.1016/j.aquaculture.2020.735606
https://doi.org/10.1111/j.1365-2109.2011.03073.x
https://doi.org/10.1016/B978-0-12-3964915.00012-5
https://doi.org/10.6084/m9.figshare.c.6135664.v1
https://doi.org/10.1038/s41598-020-58584-5
https://github.com/YuLab-SMU/MicrobiotaProcess
https://doi.org/10.1016/j.cub.2020.03.057
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Authors contributions
	Acknowledgments
	Supplementary data
	References

