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ABSTRACT
Sea urchins play a critical role in marine ecosystems, as they actively participate in
maintaining the balance between coral and algae. We performed the first in-depth
survey of the microbiota associated with four free-living populations of Caribbean
sea urchins: Lytechinus variegatus, Echinometra lucunter, Tripneustes ventricosus, and
Diadema antillarum. We compared the influence of the collection site, echinoid species
and trophic niche to the composition of the microbiota. This dataset provides a
comprehensive overview to date, of the bacterial communities and their ecological
relevance associated with sea urchins in their natural environments. A total of sixty-
samples, including surrounding reef water and seagrass leaves underwent 16S rRNA
gene sequencing (V4 region) and high-quality reads were analyzed with standard
bioinformatic approaches. While water and seagrass were dominated by Cyanobacteria
such as Prochlorococcus and Rivularia respectively, echinoid gut samples had dominant
Bacteroidetes, Proteobacteria and Fusobacteria. Propionigenium was dominant across
all species’ guts, revealing a host-associated composition likely responsive to the
digestive process of the animals. Beta-diversity analyses showed significant differences
in community composition among the three collection sites, animal species, and
trophic niches. Alpha diversity was significantly higher among L. variegatus samples
compared to the other species. L. variegatus also displayed an increased abundance of
Planctomycetes and Cyanobacterial OTUs. The bacterial community of this herbivo-
rous echinoid reflected similarities to the microfilm community found on Thalassia
testudinum leaves; a very abundant seagrass and its main food resource. The results of
this study elaborate on the microbial ecology of four important Caribbean echinoids,
confirming that selection on the microbial community is trophic-niche dependent.

Subjects Biodiversity, Ecology, Microbiology, Zoology, Aquatic and Marine Chemistry
Keywords Sea urchin, Microbiota, Caribbean, Niche

INTRODUCTION
Current knowledge about bacterial communities has grown deeply over the past decades
(Fricker, Podlesny & Fricke, 2019). Traditional microbiological methods, such as culture
and microscopy, have shown the occurrence of bacteria in gut content microbiota of
sea urchins, most of them related with ecological interactions and metabolic processes
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(Prim & Lawrence, 1975; De Ridder, Jangoux & De Vos, 1985; Temara et al., 1993). Recent
advances of molecular sequencing approaches have emerged as powerful tools to
revolutionize the characterization of microbiomes in marine animals (Pett, Polage &
Schreckenberger, 2005; Nelson et al., 2010; Hentschel et al., 2012; Hakim et al., 2016; Fricker,
Podlesny & Fricke, 2019; Rodríguez-Barreras et al., 2020). Current knowledge of the gut
microbiome and its benefits have been focused on terrestrial vertebrates, mainly on
vertebrates, particularly birds, fish, and mammals, using high-throughput 16S rRNA
gene sequencing (Godoy-Vitorino et al., 2012; Gajardo et al., 2016; Hird et al., 2015); but
also among marine invertebrates like sponges, mollusk, and cnidarians (King et al., 2012;
Krediet et al., 2013; Webster & Thomas, 2016). However, marine invertebrates such as
corals, mollusk, arthropods, or echinoderms have received less attention, particularly
in the Caribbean (Godoy-Vitorino et al., 2017; Offret et al., 2019; Pagán-Jiménez et al.,
2019). Microbiota studies on echinoderms has focus on starfish (Nakagawa et al., 2017),
ophiuroids (Dong et al., 2021), sea cucumbers (Pagán-Jiménez et al., 2019; Zhang et al.,
2021), and sea urchins (Zhang et al., 2014; Faddetta et al., 2020b; Zuber, 2016; Boraiy, 2018;
Ziegler et al., 2020; Faddetta et al., 2020a; Schwob et al., 2020).

Echinoderms aremarine invertebrates withmore than 7,000 living species andmore than
13,000 extinct species distributed in five classes (Hendler et al., 1995). They inhabit different
biotopes from the intertidal zone to the abyssal regions in all latitudes, and their presence
is relevant in coral reefs and other shallow water ecosystems (Williams et al., 2013). Sea
urchins are the most diverse Class within echinoderms; from a total of 108 shallow-water
echinoderms listed for Puerto Rico, 19 of them are sea urchins (Rodríguez-Barreras, Sabat
& Calzada-Marrero, 2013). Among echinoderms, regular sea urchins are important benthic
grazers in marine ecosystems (Guzmán & Cortés, 1993; Bonaviri et al., 2011) and can exert
a strong influence in the community structure (Underwood, Kingsford & Andrew, 1991).

The most common echinoids in the Caribbean include Diadema antillarum Philippi,
1845, Lytechinus variegatus (Lamarck, 1816), Echinometra lucunter (Linnaeus, 1758), and
Tripneustes ventricosus (Lamarck, 1816); two of them, D. antillarum and E. lucunter are
inhabitants of corals and hardground zones (Hendler et al., 1995). The species L. variegatus
and T. ventricosus are usually associated with nearshore seagrass beds dominated by
Thalassia testudinum, upon which the species graze and ingest macroalgae, animal
material, and plant leaves including the associated epibenthic community (Beddingfield
& McClintock, 2000; Watts, McClintock & Lawrence, 2013); whereas D. antillarum and
E. lucunter feeds mainly on macroalgae, but also small invertebrates (Lawrence, Lawrence
& Watts, 2013).

Research on sea urchins has evolved and highlighted important aspects of their ecology,
from taxonomy, reproduction tomolecular analysis (Williams et al., 2013). In this study, we
present the first microbiota description associated with Caribbean free-living populations
of sea urchins by characterizing the gut content microbiota of D. antillarum, L. variegatus,
E. lucunter and T. ventricosus using a NextGen Illumina MiSeq sequencing technology
and bioinformatics tools and associated it with sample location and animal species. To
gain insight into differences among microbial communities of four sea urchin species,
we sampled at three sites to understand how local conditions could affect microbial
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assemblages of the four sea urchin species. We hypothesize that (i) sites proximity will
lead to gut microbial communities similarities among the four sea urchin species, but (ii)
co-inhabiting species will be more similar in gut content microbiota between them, than
among the species of other trophic niches.

MATERIALS & METHODS
Study site
The Northern coast of Puerto Rico is characterized by a very narrow shelf and high-energy
sandy beaches, due to the action of northeast trade winds andNorth Atlantic winter storms.
Substrate composition of sites are made up of carbonate rocks; and due to the high annual
precipitation levels and the discharge of rivers, high sediment discharges are common in
the north (Veve & Taggart, 1996). Surveys were conducted during February of 2019 at three
shallow-water sites (1-2mdepth) of theNortheastern coast of Puerto Rico (Fig. 1), being the
same depth for each species. The sites chosen for the studywereCerroGordo located inVega
Baja (CG, 18◦29′05.81′′N, −66◦20′20.23′′W), Isla de Cabra in Cataño (IC, 18◦28′26.32′′N,
−66◦08′18.82′′W), and Mar Azul in Luquillo (MA, 18◦23′15.01′′N, −65◦43′11.26′′W).
Temperature (◦C), salinity (h), and pH measurements were collected in situ at each site
using the quality meter instrument Pro2030 (https://www.ysi.com/pro2030). We used the
average of 5 environmental samples of each parameter per site. Oceanic water conditions
were recorded for the three sites, and no differences were found (Table S1).

Sample collection and processing
Six adults of the species Diadema antillarum, Echinometra lucunter, and Tripneustes
ventricosus were collected at all the three sites. Additionally, three adults of Lytechinus
variegatus were collected in CG and IC, but no individuals of L. variegatus were found in
MA. The species E. lucunter (red urchin) and D. antillarum (black urchin) were collected
associated to hardground biotopes (fringing reefs), whereas L. variegatus (green urchin)
and T. ventricosus (white urchin) were collected in a back-reef lagoon biotope, covered by
seagrass beds of Thalassia testudinum leaves, upon which they graze and ingest the leaves.
Seawater was collected (1L) in a sterile container from the area where the sea urchins were
caught in the reef biotope. Additionally, from the seagrass beds, T. testudinum samples were
also collected and stored in 50 mL falcon tubes at each site. Sea urchins and seagrass bed
samples were put in separate bags with seawater. All samples were put in a foam cooler at the
collection site and immediately transported to the lab where they were processed. Sampling
of these four species was approved by the Department of Natural and Environmental
Resources of Puerto Rico permit number DRNA-2019-IC-003.

In total, 60 animals were anesthetized using 20 mM MgCl2, a solution that is used in
aquaculture as a suitable nontoxic anesthetic (Arafa, Sadok & Abed, 2007). Animals were
first acclimatized in seawater in 100 mL glass beakers with 25 mL seawater for at least
10 min or until they attached as per the approved IACUC protocol A#-5301118. Once
attached, an additional 25 mL sterile MgCl2 was added. Experimentally induced anesthesia
was monitored after a standardized exposure time of 15 min until all sea urchins detached
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Figure 1 Overview of sample sites in the Northeastern coast of Puerto Rico. Cerro Gordo in Vega Baja
(CG), Isla de Cabra in Cataño (IC), and Mar Azul in Luquillo (MA).

Full-size DOI: 10.7717/peerj.12084/fig-1

from the walls of the beaker. Once detached, animals were carefully moved by hand to a
tray that was placed in a −80 ◦C ultra-low freezer for 10 mins prior to dissection.

Using flame-sterilized scissors and a metal tray, sea urchins were dissected and opened
with an equatorial cut, at the level of the maximum diameter, circumnavigating the
mouth. The side along the peristomial membrane was lifted from the sea urchin, while
still maintaining the integrity of the digestive tract (Whalen, 2008). The digestive tract
(gut tissue, including esophagus, stomach, and intestine, were removed from the sea
urchin with scissors, and transferred with a pair of tweezers to a sterilized petri dish. Gut
content samples (mostly pellets with few pieces of intestinal tissue) were transferred to 2 ml
microtubes and stored in the freezer at −80 ◦C until DNA extraction procedures. The reef
water was filtered using a 0.45 µmmembrane device. Membranes then were transferred to
a falcon tube and stored at −80 ◦C for further analyses.

Genomic DNA extractions
Genomic DNA was extracted from 0.22 µM membranes of filtered seawater, sea grassss
and gut fecal pellets from each of the four sea urchin species from reef water and
seagrass biotopes (∼200 mg). We used the QIAGEN PowerSoilTM kit (QIAGEN LLC,
Germantown Road, Maryland, USA), following manufacturer’s instructions with the
following modifications: (1) gut content sample homogenization (3000 r.p.m. for 2
min at room temperature) in a PowerLyzer homogenizer (QIAGEN LLC, Germantown
Road, Maryland, USA), and (2) Elution was performed using 100 µl of sterile PCR water
previously warmed at 65 ◦C, to increase DNA yield, allowed to remain on the filter for
5 min incubation at room temperature before the final centrifugation step. A Qubit R©

dsDNA HS (High Sensitivity) Assay Kit was used to assess DNA concentration (ranging
from 5–100 ng/ul) of purified extracts using the Qubit R© Fluorometer at room temperature
(Waltham, Massachusetts, USA).
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16S-rRNA gene amplifications and Illumina sequencing
DNA from the gut content samples were normalized to 4 nM during l6S library prep.
We amplified the V4 hypervariable region of the 16S ribosomal RNA marker gene (∼291
bp) using the universal bacterial primers: 515F (5′GTGCCAGCMGCCGCGGTAA3′)
and 806R (5′GGACTACHVGGGTWTCTAAT3′) in the Earth Microbiome Project
(http://www.earthmicrobiome.org/emp-standard-protocols/16s/) (Caporaso et al., 2012)
using previously reported conditions (Abarca et al., 2018). We used the Illumina MiSeq
Reagent kit 2×250 bp to sequence the 16S amplicons. The 16S-rRNA reads were deposited
in QIITA (Gonzalez et al., 2018) Bioproject ID 12668, and the raw sequences are available
in the European Nucleotide Archive ENA Project: PRJEB40117; ERP123720.

Bioinformatic analyses and statistical tests
Read QC and processing
The 16S rRNA raw FASTQ sequence files were deposited in QIITA (Gonzalez et al., 2018)
with its associated metadata information. Raw read pre-processing of demultiplexed files
was done with a Phred offset of 33, and default parameters using split libraries FASTQ
(QIIMEq2 1.9.1) (Bolyen et al., 2019). Sequences were trimmed to 250 bp and a closed
reference approach was selected for OTU picking using the SILVA reference database
(Pruesse et al., 2007) for taxonomy assignment with a minimum similarity threshold of
97%. The species table (biom file) was downloaded for downstream analyses using a locally
run version of QIIME (Caporaso et al., 2010). Singletons (OTUs with less than three reads),
sequencesmatching chloroplasts, mitochondria, few eukaryoticmatches and taxonomically
unassigned sequences were removed from downstream analyses.

Beta diversity
Community level analyses were done by computing the pairwise Bray-Curtis distances
between samples. Global differences in bacterial community composition and structure
were visualized with 2D Principal Coordinates Analysis (PCoA) using both sample types,
collection sites, niches, and sea urchin species as metadata categories. Additionally, pairwise
Bray-Curtis distances between sample sites and sea urchin species were plotted using non-
metric multidimensional scaling (NMDS). Statistical significance between sample groups
was assessed using the PERMANOVA test (Anderson, 2001). Additionally, ANOSIM,
a non-parametric statistical test was used to compare ranked beta diversity distances
between different group depths found in the mapping file and calculates a p-value based
on the Bray-Curtis table used to generate the plots. These tests were done using the script
compare_categories.py for each specific test in QIIME (Kuczynski et al., 2011) with the
distance matrix as the input file and 999 permutations.

Alpha diversity and taxonomic plots
Alpha diversity measures of Chao 1 (richness), were plotted as rarefaction curves and
boxplots. For alpha diversity statistical tests, we used the script compare_alpha_diversity.py
in QIIME, to compare the diversity between groups of samples in each metadata category.
These statistical tests were nonparametric t-tests with Monte Carlo permutations to
determine the p-value. We considered a rarefaction level of 6,700 reads for all the 60
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samples together including water and seagrass, while for analyses of gut samples (n= 54)
the rarefaction level was 7,000 reads. Barplots revealing phyla were computed using
QIIME (Caporaso et al., 2010) and those at the genus-level with MicrobiomeAnalyst
(https://www.microbiomeanalyst.ca/) using the same parameters.

Additionally, we used the group_significance.py script in QIIME, which compares
OTU frequencies across animal species, to ascertain whether or not there are statistically
significant differences between the OTU abundance in the different groups (using a
Kruskal-Wallis test) S elected boxplots of significantly different taxa , were generated using
ggplot2 (Wickham, 2009) (Team, 2020) and taxa with p-values <0.05 were marked with an
asterisk. The core microbiome was calculated in QIIME and accounted for those OTUs
shared by 50% of the samples across the four species. The list of OTUs was added to a web-
based tool for Venn diagrams and plotted using http://www.interactivenn.net/index.html
(Heberle et al., 2015).

All statistical test results are summarized in (Table S2).

RESULTS
A total of 4,317,304 of 16S rRNA raw reads were obtained. Removal of sequences due to
quality assessment and trimming, removal of singletons, chloroplasts and mitochondria
resulted in 2,783,666 good-quality sequence reads. These reads produced 38,117 ± 529.29
OTUs from all 60 samples, including seagrass and water (Table 1), and 29,060 OTUs from
the 54 animal gut content samples at three sites in the Northeastern coast of Puerto Rico
(Table 2). Isla de Cabra (IC) exhibited the highest number of reads and OTUs, while
Cerro Gordo (CG) was the site with less reads and OTUs among the three sites (Table 2).
Pre-rarefaction, among the four sea urchin species, E. lucunter reached the highest number
of reads and OTUs with 972,904 ± 30,979.07 and 9,890 ± 239.74 respectively, followed by
D. antillarum, T. ventricosus and, lastly L. variegatus with only 155,592 ± 45,228.63 reads
and 2,562 ± 527.10 OTUs (Table 2, Table S2).

Echinoid-associated microbiota is distinct from environmental
samples
Environmental (water and seagrass samples) separate clearly from host-associated sea
urchin digesta (permanova p-value = 0.001; ANOSIM, p-value = 0.01; Fig. 2A, Table S2).
Alpha diversity was significantly different between seagrass and echinoid samples (t -test,
p-value = 0.003), similarly to reef water and gut samples (t -test, p-value = 0.003, Fig.
2B), but no remarkable differences were found between reef water and seagrass samples
(t -test, p-value= 0.336). Composition was similar between reef water and seagrass in terms
of the relative abundance of Proteobacteria and Bacteroidetes; while Euryarchaeota was
only found in water samples and Cyanobacteria was more abundant in seagrass samples.
Seagrass samples were dominated by the cyanobacteria Rivularia, while in contrast water
samples were dominated by various groups such as Rhodopirellula, Paramoritella, NS5
marine group or Prochlorococcus (Fig. 2C). Gut samples had dominant Prolixibacter,
Propionigenium, Photobacterium and Desulfotalea; while water samples were dominated by
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Table 1 Total number andmean of sequences and Operational Taxonomic Units by species collected
at three sites in the northeastern coast of Puerto Rico.

Sample
type

# samples SUM of
reads

Mean± S.D
of reads

SUM of
OTUs

Mean± SD
of OTUs

Diadema antillarum 16 580613 36,288± 25,306.50 8505 532± 241.89
Echinometra lucunter 18 972904 54,050± 30,979.07 9890 549± 239.74
Tripneustes ventricosus 17 739215 43,483± 47,473.66 7108 418± 202.20
Lytechinus variegatus 3 155592 11,665± 45,228.63 2562 2,562± 527.10
water samples 3 300346 100,115± 85,955.07 7564 2,521± 834.07
seagrass samples 3 34996 11,665± 4,489.03 2488 829± 138.12
Grand Total 60 2783666 46,394± 40,356.13 38117 635± 529.29

Table 2 Number of samples, reads and OTUs of the gut microbiota of echinoids according to sample
site and species.

Sample site / Collected species Number of samples Number of reads Sum of OTUS

Cataño
Diadema antillarum 5 214,881 2,503
Echinometra lucunter 6 397,791 4,135
Lytechinus variegatus 3 155,592 2,562
Tripneustes ventricosus 6 463,064 2,993

Total 20 1,231,328 12,193
Cerro Gordo
Diadema antillarum 5 235,322 3,435
Echinometra lucunter 6 236,659 3,286
Tripneustes ventricosus 6 70,961 2,288

Total 18 542,942 9,009
Luquillo
Diadema antillarum 6 221,377 3,562
Echinometra lucunter 6 338,454 3,562
Tripneustes ventricosus 5 205,190 1,827

Total 17 765,021 7,858
Grand Total 54 2,539,291 29,060

Paramoritella, Blastopirellula, Prochlorococcus, NS5 marine group, and other uncultured
bacteria, while seagrass samples were dominated by Rivularia (Fig. 2D).

Echinoid collection sites and species explain differences in the
microbiota L. variegatus, an herbivorous echinoid, has the most
distinct microbiota
Differences between community structure were detected among sea urchin species
(PERMANOVA p-value = 0.004; ANOSIM, p-value = 0.048). Alpha diversity was
significantly higher among L. variegatus compared to E. lucunter (t -test, p-value = 0.006)
and between L. variegatus andD. antillarum and (t -test, p-value= 0.012; Fig. 3B, Table S2).
The relative abundance of the microbiota at the phyla-level showed higher dominance of
Planctomycetes, Actinobacteria and Cyanobacteria in L. variegatus compared to the other
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Figure 2 Diversity analyses comparing sample types, including water, seagrass and gut samples from
the four sea urchin species. Bray-Curtis analysis represented by a 2D Principal Coordinates Analysis
(PCoA) using sample types as metadata categories (A). PERMANOVA showed significant differences in
beta diversity (PERMANOVA p-value= 0.01, ANOSIM p-value=0.001). T-tests on the alpha diversity
curves demonstrated that seawater and seagrass environments were significantly more diverse than gut
samples (p-value= 0.003). Bar Plots depict relative abundance of bacteria at the phyla (C), and genus
levels (D).

Full-size DOI: 10.7717/peerj.12084/fig-2

species. There were similar amounts of Bacteroidetes, Proteobacteria and Fusobacteria
among all species (Fig. 3C). The most abundant bacterial genera were Prolixibacter,
Propionigenium and Photobacterium, but in some samples of D. antillarum and T.
ventricosus, Kistimonas were particularly abundant (Fig. 3D).

Community analyses by animal collection site (location), showed significant differences
among the three sites, PERMANOVA p-value =0.001; ANOSIM, p-value = 0.01).
Microbiota from animals collected in Luquillo clustered together in axis 1, while axis
2 separated mostly Cerro Gordo from Cataño (Fig. 4A, Table S2). Alpha diversity analyses
showed less richness in Luquillo samples, nevertheless, there were no significant differences
among sites (Fig. 4B, Table S2). At the Phyla level within all sites, dominant groups
included Bacteroidetes, Fusobacteria, and Proteobacteria. Fusobacteria were reduced in
samples collected in Cerro Gordo. Bacteroidetes increased in Cerro Gordo, which separated
in theNMDS from the other sites (Figs. 4A, 4C). The Phyla Cyanobacteria and Bacteroidetes
were more abundant in Cataño (where L. variegatus was collected). All species collected
fromCataño or Cerro Gordo presented higher richness on their samples indifferently of the
sea urchin species Fig. 4D). At the genus level, we found that Prolixibacter (Bacteroidetes),
Propionigenium (Fusobacterium), Photobacterium andVibrio (Proteobacteria) were present
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across all samples (Fig. 2E). The genus Prolixibacter was more abundant in Echinometra
lucunter samples from Cataño and Luquillo (Fig. 4F), and Photobacterium were more
abundant in IC and MA (Fig. 4F). Only 161 OTUs were considered core among all four
echinoids, when computing the core microbiota of OTUs present in 50% of the samples
Fig. S1).

Reef species D. antillarum (black echinoid) and E. lucunter
(red echinoid) have a distinct microbiome from L. variegatus (green
echinoid) and T. ventricosus (white echinoid) occupying the seagrass
niche
We then determined the taxonomic biomarkers significantly associated (p< 0.05) with
each of the four sea urchin species. D. antillarum had Sedimitomix, Ferrimonas, and
Desulfotalea. Another species collected in the reef niche was E. lucunter, dominated by
Thalassospira and Vibrio and shared dominant Prolixibacter and Photobacterium with
D. antillarum (Fig. 5). The species T. ventricosus exhibited higher relative abundance
of Propionigenium with respect to the other three sea urchins, but not significantly. L.
variegatus, also collected in the seagrass bed, had a significantly higher dominance of
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Pleurocapsa, Planctomyces, Rhodopirellula, Pelagibius, and Blastopirellula (Fig. 5) and the
highest number of unique OTUs, when considering a core microbiome of 50% (Fig. S1).
Interestingly, its core microbiota shared a similar number of OTUs with D. antillarum
and E. lucunter (Fig. S1). Certain similarities in species composition among the species
collected in the different niches (seagrass and reef) determined significant differences in
beta diversity (PERMANOVA p-value= 0.007; ANOSIM, p-value= 0.01; Fig. 6A, Table S2)
but no differences in alpha diversity (Fig. 6B). It comes with low R values associated with
ANOSIM, confirming the low dissimilarity (some overlap) between the groups of samples.
Samples from seagrass biotopes displayed higher abundances of the phyla Fusobacteria,
Lentisphaerae, and Planctomycetes, while having lower concentrations of Verrucomicrobia.
In contrast, Bacteroidetes was more abundant in sea urchin species from reef niche (Fig.
6C). The most abundant genera were Prolixibacter in the reef niche, Propionigenium and
Photobacterium at both trophic niches, but mostly in the seagrass bed (Fig. 6D).
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DISCUSSION
This study represents the first known report characterizing the bacterial community of four
Caribbean echinoids collected from their natural habitats. Despite our three sampling sites
being located in the northeastern zone of Puerto Rico, and physico-chemical parameters
(temperature, pH, and salinity) were similar among them, we still were able to detect
differences in the gut microbiota per species in each site. These differences found mostly in
Luquillo, in comparison to Cataño or Cerro Gordo could be associated with the position
where the individuals were collected. All three species collected in Luquillo were closer
to each other than the animals collected in the other three sites. For example, individuals
of T. ventricosus (seagrass biotope) were grazing less than 5 m from the border between
the seagrass beds and the back reef zone, which is very close to where D. antillarum and
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E. lucunter individuals inhabit. This proximity seems to be key to understanding the
similarities among gut microbial communities in Luquillo, with respect to a wider gut
microbial distribution found in Cataño and Cerro Gordo. In addition, samples collected in
Cerro Gordo, who also separate in NMDS, may derive its differences due to the occurrence
of a mangrove lagoon with a canal at 270 m for the collecting site with a nutrient input
in nearshore waters (Zieman, Macko & Mills, 1984; Rezende et al., 1990), that could lead to
changes in local coastal microbial communities arrangements.

Despite the location and its physical surroundings, factors such as feeding strategies or
migration patterns could contribute to the composition of the microbiota. Despite the
generalist feeding behavior displayed by sea urchins—where individuals graze the surface
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and incorporate the crushed material, the co-occurrence of three of the four species in the
sampling site—could lead to similarities in microbiota. The core microbiome considering
OTUs present in 50% of the samples demonstrated a high number of shared taxa and
evidenced common bacteria in individuals sharing the same trophic niche, with emphasis
to those collected in the reef, while also highlighting the uniqueness of L. variegatus.
Hardgrounds and reefs dominated by cnidarians are usually the common habitat of D.
antillarum and E. luncunter. Both co-inhabiting species ingest macroalgal material and
small invertebrates while grazing; this generalist feeding behavior is common in sea urchins
(Lawrence, Lawrence & Watts, 2013) and may underlie their similar gut microbiomes.
The lack of feeding selectivity may increase gut content microbiota similarities between
co-inhabiting species as we found in this study, mainly with D. antillarum and E. lucunter.
Hence, a high organic matter flux associated with samples closer to sediments, is usually
associated with a depletion in O2, thus a dominance in sulfate reducers (Desulfotalea)
(Thamdrup, Fossing & Jørgensen, 1994) and selenate-reducing bacteria (Ferrimonas)
(Tertschnig, 1989) as well as other sediment bacteria (Leloup et al., 2009; Carr et al., 2015;
Wasmund, Mußmann & Loy, 2017; Anantharaman et al., 2018) were found dominant in
the gut of these reef species, contributing to ecological recruitment of marine microbial
colonization (Ramírez et al., 2016).

Seagrass biotopes are mainly present in coastal marine waters (Mtwana Nordlund et al.,
2016), as those found around Puerto Rico. The species L. variegatus and T. ventricosus
share the same biotope and certain core microbes, nonetheless, the overall microbiota
of T. ventricosus was more similar in structure and at the phyla-level with D. antillarum
and E. lucunter, both inhabiting the hardground biotopes dominated by coral and other
cnidarians. Cyanobacteria were only found in L. variegatus as well as a dominance in
Planctomycetes. Cyanobacteria likely come from the ingestion of seagrass compared to
T. ventricosus (Tertschnig, 1989; Hendler et al., 1995), and Planctomycetes are dominant
components of the epibiotic marine algae microbiota (Bondoso et al., 2017). This adds to
our recent dietary survey which confirmed higher herbivory for L. variegatus (Rodríguez-
Barreras et al., 2020). T. ventricosus usually grazes on T. testudinum leaves (Keller, 1983;
Barrios & Reyes, 2009), however the species also migrates to the backreef zone where D.
antillarum and E. lucunter inhabit (Moses & Bonem, 2001). This migration pattern across
the reef might be causing the differences observed in gut microbial communities between
L. variegatus and T. ventricosus, and similarities with T. ventricosus, E. lucunter and D.
antillarum. In fact, most of the collected T. ventricosus were found in the border zone
between seagrass and backreef biotope, mainly in Luquillo, which may explain our results.

The sea urchin L. variegatu s has been targeted in other studies (Hakim et al., 2015;
Hakim et al., 2016; Hakim et al., 2019), from individuals kept in aquariums or cultured
versus wild individuals collected in situ. This is the first study on these species in the
Caribbean region, adding to biodiversity surveys of wild echinoids. An analysis of the gut
microbiota in L. variegatus under a controlled environment, reported a high abundance
of Epsiloproteobacteria within the order Campylobacterales (Hakim et al., 2015); whereas
our study revealed a higher abundance of Bacteroidetes, Fusobacteria, and Proteobacteria
in wild samples of L. variegatus. Therefore, these discrepancies in composition are due to
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differences between wild and cultured individuals, which suggest that sample source is a
strong influence on the gut microbial community structure (Hakim et al., 2015). Similar to
our results, another recent study in Florida, showed that wild L. variegatus exhibited higher
abundances of Proteobacteria (Gammaproteobacteria) and Bacteroidetes (Hakim et al.,
2016). Changes of the gut microbiota between echinoids from the same species between
Florida and Puerto Rico demonstrate the geographical impact in the composition and
structure of the gut microbial communities.

Overall, phyla level composition was with dominant Bacteroidetes and Proteobacteria,
is also present in other echinoderms: Echinus esculentus (Unkles, 1977), Strongylocentrotus
droebachiensis and Tripneustes ventricosus (Guerinot & Patriquin, 1981) as well as sea
cucumbers (Pagán-Jiménez et al., 2019). Additionally, our in-depth sequencing detected
other phyla including Fusobacteria, Cyanobacteria and Planctomycetes, the latter mostly
in the herbivorous L. variegatus as well as significant genus-level differences among species
and sites. Cyanobacteria such as Rivularia and Prochlorococcus are primary producers in the
ocean (Chisholm et al., 1992). Gut samples from all sea urchin species were dominated by
Prolixibacter, Propionigenium, and Photobacterium, previously described in other sea urchin
species (Yao et al., 2019). Prolixibacter are facultative anaerobes (Holmes et al., 2007) while
Propionigenium are obligate anaerobes and key players in the metabolism succinate and
propionate (Schink, 2006), likely being important players in the digestion process of these
Caribbean echinoids.

CONCLUSIONS
This is the first high-throughput study characterizing the gut microbial community
composition in four, wild caught, Caribbean sea urchin species using NextGen sequencing.
Collection site and phylogenetic species explained the differences among the microbiota,
with certain commonalities among those sharing a trophic niche. Reef-associated urchins
displayed more abundance of sulfate reducing bacteria while those inhabiting seagrass
beds had dominant Planctomycetes and Cyanobacteria, revealing its herbivorous diet. All
individuals presented dominant Propionigenium, fermentative bacteria likely involved in
the digestion of these animals. Future studies must focus on the characterization of the
microbiota of other parts of the digestive system, such as the pharynx and esophagus, as well
as on the composition of the epidermal and the coelo-microbiota. A compartmentalized
approach would allow us to determine what groups of bacteria play a role in the digestive
process by gut section and coupled with shotgun metagenomics, could reveal the extent of
genes and metabolic pathways of the microbiota in the gut of these echinoids.

ACKNOWLEDGEMENTS
We would like to express our gratitude to the undergraduate students Jorge Hernández,
María delMar Fuentes, and BrayanVilanova for helpingwith sample inventories, fieldwork,
and partial assistance in the wet lab.We also want to thankMrs. Silvia Planas for sequencing
at the Sequencing and Genotyping Facility of the University of Puerto Rico.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 14/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.12084


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the BiRC of Puerto Rico INBRE Grant no. P20GM103475
of the National Institute of General Medical Sciences (NIGMS). The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The BiRC of Puerto Rico INBRE of the National Institute of General Medical Sciences
(NIGMS): P20GM103475.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Ruber Rodríguez-Barreras conceived and designed the experiments, performed the
experiments, prepared figures and/or tables, authored or reviewed drafts of the paper,
and approved the final draft.
• Eduardo L. Tosado-Rodríguez performed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.
• Filipa Godoy-Vitorino conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the paper, funding, and
approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Institutional Animal Care and Use Committee of the University of Puerto Rico School
of Medicine approved this research (Invertebrate Animal Protocol #A-5301118).

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Department of Natural and Environmental Resources of Puerto Rico approved this
research (DRNA-2019-IC-003).

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

The 16S-rRNA reads are available in the QIITA Bioproject ID 12668, and the raw
sequences are available in the European Nucleotide Archive: PRJEB40117; ERP123720.

Data Availability
The following information was supplied regarding data availability:

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 15/21

https://peerj.com
https://www.ebi.ac.uk/ena/browser/view/PRJEB40117
https://www.ebi.ac.uk/ena/browser/view/ERP123720
http://dx.doi.org/10.7717/peerj.12084


The 16S-rRNA reads are available in QIITA BioProject ID 12668: https://qiita.ucsd.edu/
study/description/12668.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12084#supplemental-information.

REFERENCES
Abarca JG, Zuniga I, Ortiz-Morales G, Lugo A, Viquez-Cervilla M, Rodriguez-

Hernandez N, Vázquez-Sánchez F, Murillo-Cruz C, Torres-Rivera EA, Pinto-
Tomás AA, Godoy-Vitorino F. 2018. Characterization of the skin microbiota
of the cane toad Rhinella cf. marina in Puerto Rico and Costa Rica. Frontiers in
Microbiology 8:2624 DOI 10.3389/fmicb.2017.02624.

Anantharaman K, Hausmann B, Jungbluth SP, Kantor RS, Lavy A,Warren LA,
RappéMS, Pester M, Loy A, Thomas BC, Banfield JF. 2018. Expanded diversity
of microbial groups that shape the dissimilatory sulfur cycle. The ISME Journal
12(7):715–172.

AndersonMJ. 2001. Permutation tests for univariate or multivariate analysis of variance
and regression. Canadian Journal of Fisheries and Aquatic Sciences 58(3):626–639
DOI 10.1139/f01-004.

Arafa S, Sadok S, Abed AE. 2007. Assessment of magnesium chloride as an anaesthetic
for adult sea urchins (Paracentrotus lividus): incidence on mortality and spawning.
Aquaculture Research 38(15):1673–1678 DOI 10.1111/j.1365-2109.2007.01842.x.

Barrios J, Reyes J. 2009.Hábitos alimenticios de Tripneustes ventricosus (Lamarck 1816)
(Echinodermata, Echinoidea) en isla la Tortuga, Venezuela. Recursos Marinos
Acuíferos 2:583–589.

Beddingfield SD, McClintock JB. 2000. Demographic characteristics of Lytechinus
variegatus (Echinoidea: Echinodermata) from three habitats in a North Florida Bay.
Marine Ecology 21(1):17–40 DOI 10.1046/j.1439-0485.2000.00688.x.

Bolyen E, Rideout JR, DillonMR, Bokulich NA, Abnet CC, Al-Ghalith GA , et
al, Caporaso JG. 2019. Reproducible, interactive, scalable and extensible mi-
crobiome data science using QIIME 2. Nature Biotechnology 37(8):852–857
DOI 10.1038/s41587-019-0209-9.

Bonaviri C, Fernández TV, Fanelli G, Badalamenti F, Gianguzza P. 2011. Leading role
of the sea urchin Arbacia lixula in maintaining the barren state in southwestern
Mediterranean.Marine Biology 158(11):2505–2513 DOI 10.1007/s00227-011-1751-2.

Bondoso J, Godoy-Vitorino F, Balagué V, Gasol JM, Harder J, Lage OM. 2017.
Epiphytic Planctomycetes communities associated with three main groups of
macroalgae. FEMS Microbiology Ecology 93(3):fiw255 DOI 10.1093/femsec/fiw255.

Boraiy L. 2018. Analysis of sea urchin Paracentrotus lividusmicrobiota. Doctoral
dissertation, Haute Ecole d’Ingénierie.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 16/21

https://peerj.com
https://qiita.ucsd.edu/study/description/12668
https://qiita.ucsd.edu/study/description/12668
http://dx.doi.org/10.7717/peerj.12084#supplemental-information
http://dx.doi.org/10.7717/peerj.12084#supplemental-information
http://dx.doi.org/10.3389/fmicb.2017.02624
http://dx.doi.org/10.1139/f01-004
http://dx.doi.org/10.1111/j.1365-2109.2007.01842.x
http://dx.doi.org/10.1046/j.1439-0485.2000.00688.x
http://dx.doi.org/10.1038/s41587-019-0209-9
http://dx.doi.org/10.1007/s00227-011-1751-2
http://dx.doi.org/10.1093/femsec/fiw255
http://dx.doi.org/10.7717/peerj.12084


Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK ,
et al, Huttley GA. 2010. QIIME allows analysis of high-throughput community
sequencing data. Nature Methods 7(5):335–336 DOI 10.1038/nmeth.f.303.

Caporaso JG, Lauber CL,WaltersWA, Berg-Lyons D, Huntley J, Fierer N , et al,
Gormley N. 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. The ISME Journal 6(8):1621–1624
DOI 10.1038/ismej.2012.8.

Carr SA, Orcutt BN, Mandernack KW, Spear JR. 2015. Abundant Atribacteria in deep
marine sediment from the Adélie Basin, Antarctica. Frontiers in Microbiology 6:872
DOI 10.3389/fmicb.2015.00872.

Chisholm SW, Frankel S, Goericke R, Olson R, Palenik B,Waterbury J, West-Johnsrud
L, Zettler E. 1992. Prochlorococcus marinus nov. gen. nov. sp.: an oxyphototrophic
marine prokaryote containing divinyl chlorophyll a and b. Archives of Microbiology
157(3):297–300 DOI 10.1007/BF00245165.

De Ridder C, JangouxM, De Vos L. 1985. Description and significance of a pe-
culiar intradigestive symbiosis between bacteria and a deposit-feeding echi-
noid. Journal of Experimental Marine Biology and Ecology 91(1–2):65–76
DOI 10.1016/0022-0981(85)90221-7.

Dong Y, Li Y, He P,Wang Z, Fan S, Zhang Z , et al, Xu Q. 2021. Gut microbial compo-
sition and diversity in four ophiuroid species: divergence between suspension feeder
and scavenger and their symbiotic microbes. Frontiers in Microbiology 12:645070
DOI 10.3389/fmicb.2021.645070.

Faddetta T, Ardizzone F, Faillaci F, Reina C, Palazzotto E, Strati F, Cavalieri V. 2020a.
Composition and geographic variation of the bacterial microbiota associated
with the coelomic fluid of the sea urchin Paracentrotus lividus. Scientific Reports
10(1):21443 DOI 10.1038/s41598-019-56847-4.

Faddetta T, Ardizzone F, Faillaci F, Reina C, Palazzotto E, Strati F, De Filippo
C, Spinelli G, Puglia AM, Gallo G, Cavalieri V. 2020b. Composition and ge-
ographic variation of the bacterial microbiota associated with the coelomic
fluid of the sea urchin Paracentrotus lividus. Scientific Reports 10(1):21443
DOI 10.1038/s41598-020-78534-5.

Fricker AM, Podlesny D, FrickeWF. 2019.What is new and relevant for sequencing-
based microbiome research? A mini-review. Journal of Advanced Research
19:105–112 DOI 10.1016/j.jare.2019.03.006.

Gajardo K, Rodile A, Kortner TM, Krogdahl Å, Bakke AM,Merrifield DL, Sørum
H. 2016. A high-resolution map of the gut microbiota in Atlantic salmon (Salmo
salar): a basis for comparative gut microbial research. Scientific Reports 6:30893
DOI 10.1038/srep30893.

Godoy-Vitorino F, Goldfarb KC, Karaoz U, Leal S, Garcia-AmadoMA, Hugenholtz
P, Tringe SG, Brodie EL, Dominguez-Bello MG. 2012. Comparative analyses of
foregut and hindgut bacterial communities in hoatzins and cows. The ISME Journal
6(3):531–541 DOI 10.1038/ismej.2011.131.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 17/21

https://peerj.com
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/ismej.2012.8
http://dx.doi.org/10.3389/fmicb.2015.00872
http://dx.doi.org/10.1007/BF00245165
http://dx.doi.org/10.1016/0022-0981(85)90221-7
http://dx.doi.org/10.3389/fmicb.2021.645070
http://dx.doi.org/10.1038/s41598-019-56847-4
http://dx.doi.org/10.1038/s41598-020-78534-5
http://dx.doi.org/10.1016/j.jare.2019.03.006
http://dx.doi.org/10.1038/srep30893
http://dx.doi.org/10.1038/ismej.2011.131
http://dx.doi.org/10.7717/peerj.12084


Godoy-Vitorino F, Ruiz-Diaz CP, Rivera-Seda A, Ramírez-Lugo JS, Toledo-Hernández
C. 2017. The microbial biosphere of the coral Acropora cervicornis in Northeastern
Puerto Rico. PeerJ 5:e3717 DOI 10.7717/peerj.3717.

Gonzalez A, Navas-Molina JA, Kosciolek T, McDonald D, Vazquez-Baeza Y, Acker-
mann G , et al, Knight R. 2018. Qiita: rapid, web-enabled microbiome meta-analysis.
Nature Methods 15(10):796–798 DOI 10.1038/s41592-018-0141-9.

Guerinot ML, Patriquin DG. 1981. N2-fixing vibrios isolated from the gastroin-
testinal tract of sea urchins. Canadian Journal of Microbiology 27(3):311–317
DOI 10.1139/m81-048.

GuzmánHM, Cortés J. 1993. Arrecifes coralinos del Pacífico oriental tropical: revisión y
perspectivas. Revista Biología Tropical 41(3):535–557.

Hakim JA, Koo H, Dennis LN, Kumar R, Ptacek T, Morrow CD , et al, Watts SA.
2015. An abundance of Epsilonproteobacteria revealed in the gut microbiome of
the laboratory cultured sea urchin, Lytechinus variegatus. Frontiers in Microbiology
6:1047 DOI 10.3389/fmicb.2015.01047.

Hakim JA, Koo H, Kumar R, Lefkowitz EJ, Morrow CD, Powell ML , et al, Bej AK. 2016.
The gut microbiome of the sea urchin, Lytechinus variegatus, from its natural habitat
demonstrates selective attributes of microbial taxa and predictive metabolic profiles.
FEMS Microbiology Ecology 92(9):fiw146 DOI 10.1093/femsec/fiw146.

Hakim JA, Morrow CD,Watts SA, Bej AK. 2019.High-throughput amplicon sequencing
datasets of the metacommunity DNA of the gut microbiota of naturally occurring
and laboratory aquaculture green sea urchins Lytechinus variegatus. Data in Brief
26:104405 DOI 10.1016/j.dib.2019.104405.

Heberle H, Meirelles GV , et al, Da Silva FR. 2015. InteractiVenn: a web-based tool
for the analysis of sets through Venn diagrams. BMC Bioinformatics 16:169
DOI 10.1186/s12859-015-0611-3.

Hendler G , et al. 1995. Sea stars, sea urchins, and allies: echinoderms of Florida and the
Caribbean (No. Sirsi). Washington, D.C.: Smithsonian Institution Press, 390.

Hentschel U, Piel J, Degnan SM, Taylor MW. 2012. Genomic insights into the
marine sponge microbiome. Nature Reviews Microbiology 10(9):641–654
DOI 10.1038/nrmicro2839.

Hird SM, Sánchez C, Carstens BC, Brumfield RT. 2015. Comparative gut mi-
crobiota of 59 neotropical bird species. Frontiers in Microbiology 6:1403
DOI 10.3389/fmicb.2015.01403.

Holmes DE, Nevin KP,Woodard TL, Peacock AD, Lovley DR. 2007. Prolixibacter
bellariivorans gen. nov. sp. nov. a sugar-fermenting, psychrotolerant anaer-
obe of the phylum Bacteroidetes, isolated from a marine-sediment fuel cell.
International Journal of Systematic and Evolutionary Microbiology 57:701–707
DOI 10.1099/ijs.0.64296-0.

Keller BD. 1983. Coexistence of sea urchins in seagrass meadows: an experimental analy-
sis of competition and predation. Ecology 64(6):1581–1598 DOI 10.2307/1937512.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 18/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.3717
http://dx.doi.org/10.1038/s41592-018-0141-9
http://dx.doi.org/10.1139/m81-048
http://dx.doi.org/10.3389/fmicb.2015.01047
http://dx.doi.org/10.1093/femsec/fiw146
http://dx.doi.org/10.1016/j.dib.2019.104405
http://dx.doi.org/10.1186/s12859-015-0611-3
http://dx.doi.org/10.1038/nrmicro2839
http://dx.doi.org/10.3389/fmicb.2015.01403
http://dx.doi.org/10.1099/ijs.0.64296-0
http://dx.doi.org/10.2307/1937512
http://dx.doi.org/10.7717/peerj.12084


King GM, Judd C, Kuske CR, Smith C. 2012. Analysis of stomach and gut microbiomes
of the eastern oyster (Crassostrea virginica) from coastal Louisiana, USA. PLOS ONE
7(12):e51475 DOI 10.1371/journal.pone.0051475.

Krediet CJ, Ritchie KB, Paul VJ, Teplitski M. 2013. Coral-associated micro-organisms
and their roles in promoting coral health and thwarting diseases. Proceedings of the
Royal Society B: Biological Sciences 280(1755):20122328 DOI 10.1098/rspb.2012.2328.

Kuczynski J, Stombaugh J, WaltersWA, González A, Caporaso JG, Knight R. 2011.
Using QIIME to analyze 16S rRNA gene sequences from microbial communities.
Current Protocols in Bioinformatics 36(1):1017 DOI 10.1002/0471250953.bi1007s36.

Lawrence JM, Lawrence AL,Watts SA. 2013. Chapter 9 - Feeding, digestion and
digestibility of sea urchins. Developments in Aquaculture and Fisheries Science
38:135–154.

Leloup J, Fossing H, Kohls K, Holmkvist L, Borowski C, Jørgensen BB. 2009. Sulfate-
reducing bacteria in marine sediment (Aarhus Bay, Denmark): abundance and diver-
sity related to geochemical zonation. Environmental Microbiology 11(5):1278–1291
DOI 10.1111/j.1462-2920.2008.01855.x.

Moses CS, Bonem RM. 2001. Recent population dynamics of Diadema antillarum and
Tripneustes ventricosus along the north coast of Jamaica, WI. Bulletin of Marine
Science 68(2):327–336.

Nakagawa S, Saito H, Tame A, Hirai M, Yamaguchi H, Sunata T , et al, Takaki Y.
2017.Microbiota in the coelomic fluid of two common coastal starfish species
and characterization of an abundant Helicobacter-related taxon. Scientific Reports
7(1):8764 DOI 10.1038/s41598-017-09355-2.

Nelson L, Blair B, Murdock C, MeadeM,Watts S, Lawrence AL. 2010.Molecular Anal-
ysis of gut microflora in captive-raised sea urchins (Lytechinus variegatus). Journal of
the World Aquaculture Society 41(5):807–815 DOI 10.1111/j.1749-7345.2010.00423.x.

Mtwana Nordlund L, Koch EW, Barbier EB, Creed JC. 2016. Seagrass ecosystem
services and their variability across genera and geographical regions. PLOS ONE
11(10):e0163091 DOI 10.1371/journal.pone.0163091.

Offret C, Jégou C, Mounier J, Fleury Y, Le Chevalier P. 2019. New insights into
the haemo-and coelo-microbiota with antimicrobial activities from Echin-
odermata and Mollusca. Journal of Applied Microbiology 126(4):1023–1031
DOI 10.1111/jam.14184.

Pagán-JiménezM, Ruiz-Calderón JF, Dominguez-Bello MG, García-Arrarás JE.
2019. Characterization of the intestinal microbiota of the sea cucumber Holothuria
glaberrima. PLOS ONE 14(1):e0208011 DOI 10.1371/journal.pone.0208011.

Pett CA, Polage CR, Schreckenberger P. 2005. The role of 16S rRNA gene sequencing in
identification of microorganisms misidentified by conventional methods. Journal of
Clinical Microbiology 43(12):6123–6125 DOI 10.1128/JCM.43.12.6123-6125.2005.

Prim P, Lawrence JM. 1975. Utilization of marine plants and their constituents by
bacteria isolated from the gut of echinoids (Echinodermata).Marine Biology
33(2):167–173 DOI 10.1007/BF00390722.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 19/21

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0051475
http://dx.doi.org/10.1098/rspb.2012.2328
http://dx.doi.org/10.1002/0471250953.bi1007s36
http://dx.doi.org/10.1111/j.1462-2920.2008.01855.x
http://dx.doi.org/10.1038/s41598-017-09355-2
http://dx.doi.org/10.1111/j.1749-7345.2010.00423.x
http://dx.doi.org/10.1371/journal.pone.0163091
http://dx.doi.org/10.1111/jam.14184
http://dx.doi.org/10.1371/journal.pone.0208011
http://dx.doi.org/10.1128/JCM.43.12.6123-6125.2005
http://dx.doi.org/10.1007/BF00390722
http://dx.doi.org/10.7717/peerj.12084


Pruesse E, Quast C, Knittel K, Fuchs BM, LudwigW, Peplies J, Glockner FO. 2007.
SILVA: a comprehensive online resource for quality checked and aligned ribosomal
RNA sequence data compatible with ARB. Nucleic Acids Research 35(21):7188–7196
DOI 10.1093/nar/gkm864.

Ramírez GA, Hoffman CL, Lee MD, Lesniewski RA, Barco RA, Garber A , et al, Orcutt
BN. 2016. Assessing marine microbial induced corrosion at Santa Catalina Island,
California. Frontiers in Microbiology 7:1679 DOI 10.3389/fmicb.2016.01679.

Rezende CE, Lacerda LD, Ovall ARC, Silva CAR, Martinelli LA. 1990. Nature of POC
transport in a mangrove ecosystem: a carbon stable isotopic study. Estuarine, Coastal
and Shelf Science 30(6):641–645 DOI 10.1016/0272-7714(90)90099-D.

Rodríguez-Barreras R, Godoy-Vitorino F, Præbel K,Wangensteen OS. 2020. DNA
metabarcoding unveils niche overlapping and competition among Caribbean sea
urchins. Regional Studies in Marine Science 40:101537
DOI 10.1016/j.rsma.2020.101537.

Rodríguez-Barreras R, Sabat AM, Calzada-Marrero JR. 2013. The new list of shallow
water echinoids (Echinodermata: Echinoidea) for Puerto Rico.Marine Biodiversity
Records 6:1–3 DOI 10.1017/S1755267212000942.

Schink B. 2006. The Genus Propionigenium. In: Dworkin M, Falkow S, Rosenberg E,
Schleifer K-H, Stackebrandt E, Schink B, eds. The prokaryotes. New York: Springer,
3948–3951.

Schwob G, Cabrol L, Poulin E, Orlando J. 2020. Characterization of the gut microbiota
of the Antarctic heart urchin (Spatangoida) Abatus agassizii. Frontiers in Microbiology
11:308 DOI 10.3389/fmicb.2020.00308.

Team RDC. 2020. R: a language and environment for statistical computing. Available at
http://www.r-project.org .

Temara A, De Ridder C, Kuenen JG, Robertson LA. 1993. Sulfide-oxidizing bacteria in
the burrowing echinoid, Echinocardium cordatum (Echinodermata).Marine Biology
115(2):179–185 DOI 10.1007/BF00346333.

TertschnigWP. 1989. Diel activity patterns and foraging dynamics of the sea urchin
Tripneustes ventricosus in a tropical seagrass community and a reef environment
(Virgin Islands).Marine Ecology 10(1):3–21 DOI 10.1111/j.1439-0485.1989.tb00063.x.

Thamdrup B, Fossing H, Jørgensen BB. 1994.Manganese, iron, and sulfur cycling in a
coastal marine sediment, Aarhus Bay, Denmark. Geochimica Et Cosmochimica Acta
58:5115–5129 DOI 10.1016/0016-7037(94)90298-4.

Underwood AJ, KingsfordMJ, Andrew NL. 1991. Patterns in shallow subtidal marine
assemblages along the coast of New South Wales. Australian Journal of Ecology
16(2):231–249 DOI 10.1111/j.1442-9993.1991.tb01050.x.

Unkles SE. 1977. Bacterial flora of the sea urchin Echinus esculentus. Applied and
Environmental Microbiology 34(4):347–350 DOI 10.1128/aem.34.4.347-350.1977.

Veve TD, Taggart BE. 1996. Atlas of ground-water resources in Puerto Rico and the US
Virgin Islands. U.S. Dept. of the Interior, U.S. Geological Survey, USA. 148–151.

Wasmund K, MußmannM, Loy A. 2017. The life sulfuric: microbial ecology of sulfur
cycling in marine sediments. Environmental Microbiology 9(4):323–344.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 20/21

https://peerj.com
http://dx.doi.org/10.1093/nar/gkm864
http://dx.doi.org/10.3389/fmicb.2016.01679
http://dx.doi.org/10.1016/0272-7714(90)90099-D
http://dx.doi.org/10.1016/j.rsma.2020.101537
http://dx.doi.org/10.1017/S1755267212000942
http://dx.doi.org/10.3389/fmicb.2020.00308
http://www.r-project.org
http://dx.doi.org/10.1007/BF00346333
http://dx.doi.org/10.1111/j.1439-0485.1989.tb00063.x
http://dx.doi.org/10.1016/0016-7037(94)90298-4
http://dx.doi.org/10.1111/j.1442-9993.1991.tb01050.x
http://dx.doi.org/10.1128/aem.34.4.347-350.1977
http://dx.doi.org/10.7717/peerj.12084


Watts SA, McClintock JB, Lawrence JM. 2013. Lytechinus. In: Lawrence JM, ed. Sea
urchins: biology and ecology. Oxford: Elsevier, 475–486.

Webster NS, Thomas T. 2016. The sponge hologenome.MBio 7(2):e00135–16.
Whalen K. 2008. Sea urchin dissection protocol. Available at http://www.whoi.edu/

science/B/ students/ kwhalen/SeaUrchinDissection Protocol.pdf (accessed on 18
September).

WickhamH. 2009. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.
Williams SM, Benavides-Serrato M, García-Arrarás JE, Hernández-Delgado EA,

Rodríguez-Barreras R. 2013. Review of echinoderm research in Puerto Rico, with
the focus on biological and ecological aspects. In: Echinoderm Research and Diversity
in Latin America. Springer, Berlin, Heidelberg, 437–469.

Yao Q, Yu K, Liang J, Wang Y, Hu B, Huang X, Chen B, Qin Z. 2019. The composition,
diversity and predictive metabolic profiles of bacteria associated with the gut digesta
of five sea urchins in luhuitou fringing reef (Northern South China Sea). Frontiers in
Microbiology 10:1168 DOI 10.3389/fmicb.2019.01168.

Zhang C, Yu Z, Xue Z, Li H, Zhu J, Wang L, Song L. 2021. The temporal dynamics
of bacteria in the coelomic fluid of sea cucumber Apostichopus japonicus after
evisceration. Invertebrate Survival Journal 18(1):46–55
DOI 10.25431/1824-307X/isj.v18i1.46-55.

Zhang F, Tian Y, Gao F, Chen S, Li D, Zhou Y. 2014. Bacterial community in the
intestine of the sea urchin Strongylocentrotus intermedius during digestion of
Macrocystis pyrifera.Marine and Freshwater Behaviour and Physiology 47(2):117–127
DOI 10.1080/10236244.2014.906095.

Ziegler A, Gilligan AM, Dillon JG, Pernet B. 2020. Schizasterid heart urchins host
microorganisms in a digestive symbiosis of mesozoic origin. Frontiers in Microbiology
11:1697 DOI 10.3389/fmicb.2020.01697.

Zieman JC, Macko SA, Mills AL. 1984. Role of seagrasses and mangroves in estuarine
food webs: temporal and spatial changes in stable isotope composition and amino
acid content during decomposition. Bulletin of Marine Science 35(3):380–392.

Zuber B. 2016. Isolation and characterization of sea urchin Paracentrotus lividus
microbiota from coelomic fluid. Doctoral dissertation, Haute Ecole d’Ingénierie.

Rodríguez-Barreras et al. (2021), PeerJ, DOI 10.7717/peerj.12084 21/21

https://peerj.com
http://www.whoi.edu/science/B/students/kwhalen/SeaUrchinDissection Protocol.pdf
http://www.whoi.edu/science/B/students/kwhalen/SeaUrchinDissection Protocol.pdf
http://dx.doi.org/10.3389/fmicb.2019.01168
http://dx.doi.org/10.25431/1824-307X/isj.v18i1.46-55
http://dx.doi.org/10.1080/10236244.2014.906095
http://dx.doi.org/10.3389/fmicb.2020.01697
http://dx.doi.org/10.7717/peerj.12084

