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ABSTRACT

In this paper, we describe the microbial composition and their predictive metabolic profile in the sea urchin Lytechinus
variegatus gut ecosystem along with samples from its habitat by using NextGen amplicon sequencing and downstream
bioinformatics analyses. The microbial communities of the gut tissue revealed a near-exclusive abundance of
Campylobacteraceae, whereas the pharynx tissue consisted of Tenericutes, followed by Gamma-, Alpha- and
Epsilonproteobacteria at approximately equal capacities. The gut digesta and egested fecal pellets exhibited a microbial
profile comprised of Gammaproteobacteria, mainly Vibrio, and Bacteroidetes. Both the seagrass and surrounding sea water
revealed Alpha- and Betaproteobacteria. Bray–Curtis distances of microbial communities indicated a clustering profile with
low intrasample variation. Predictive metagenomics performed on the microbial communities revealed that the gut tissue
had high relative abundances of metabolisms assigned to the KEGG-Level-2 designation of energy metabolisms compared
to the gut digesta, which had higher carbohydrate, amino acid and lipid metabolisms. Overall, the results of this study
elaborate the spatial distribution of microbial communities in the gut ecosystem of L. variegatus, and specifically a selective
attribute for Campylobacteraceae in the gut tissue. Also, the predictive functional significance of bacterial communities in
uniquely compartmentalized gut ecosystems of L. variegatus has been described.
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INTRODUCTION

The sea urchin, Lytechinus variegatus, inhabits the eastern coast
of the United States, ranging through the Gulf of Mexico from
NC, USA to the northern coast of Brazil (Hendler et al. 1995;
Watts, McClintock and Lawrence 2013). This species is typically
found in shallow nearshore meadows of turtlegrass Thalassia
testudinum, upon which they graze and ingest the leaves, in-
cluding the associated epibionts and microbiota (Moore et al.
1963; Zieman 1982; Beddingfield andMcClintock 2000). Although
seasonal variations occur, seagrass leaves consist of carbohy-
drates (45%–60% dry wt., with a majority being insoluble at
35%–45% dry wt.), proteins (10%–15% dry wt.) and low levels
of lipids (<5% dry wt.) (Zieman 1982; Pradheeba et al. 2011).
Once consumed by the sea urchin, ingested materials (ingesta)
will receive a mucosal contribution from the pharynx, and en-
velop the ingesta in the form of a spherical pellet, herein re-
ferred to as gut digesta. This unique digestive feature demon-
strates a physical compartmentalization of the ingesta from the
surface of the gut tissue, and is considered to be an advan-
tageous digestive strategy for this animal (Brooks and Wessel
2003; Ziegler et al. 2010). Importantly, gut digesta formation is
accompanied by an apparent microbial enrichment that is dis-
tinctively different from the microbial community of the gut
tissue (Hakim et al. 2015). With this distribution of microbial
communities between the gut digesta and the gut tissue, an al-
location of defined metabolic profiles would be expected, en-
riched with those metabolic genes represented by the height-
ened microbial taxa. Additionally, pellets representing the gut
digesta remain intact even after egestion (egested fecal pellets)
(Sauchyn, Lauzon-Guay and Scheibling 2011; Holland 2013), and
are predicted to undergo microbial-drivenmolecular transitions
(Sauchyn, Lauzon-Guay and Scheibling 2011; Hakim et al. 2015).
These egested fecal pellets have been acknowledged as an en-
riched source of nutrient to organisms at various trophic lev-
els in the hydrosphere (Johannes and Satomi 1966; Koike, Mukai
and Nojima 1987; Sauchyn, Lauzon-Guay and Scheibling 2011),
and therefore sea urchin grazing of marine seagrass and other
available sea vegetation has been identified as a major factor in
nutrient cycling within benthic marine communities (Eklöf et al.
2008; Miyata 2010).

Distribution of microbial communities in such a unique and
compartmentalized ecosystem suggests either (i) a selective at-
tribute of the host to promote the growth of key microbial
members, (ii) a microbial life strategy selecting the host gut
environment as conducive to growth and division or (iii) a com-
plex combination of both circumstances (Bäckhed et al. 2005;
Shade and Handelsman 2012). Recently, the gut microbial com-
munity of the sea urchin L. variegatus cultured in the labora-
tory and fed with a formulated diet was described using next
generation sequencing (NextGen) technology and bioinformat-
ics analyses (Hakim et al. 2015). This study established a base-
line bacterial profile in the gut lumen, gut digesta and egested
fecal pellets, including the feed and culture environment. Ad-
ditionally, the study showed that although a diverse microbial
community exists in their feed and surrounding culture environ-
ment, a select group of microbial taxa is differentially enriched
in the gut lumen and gut digesta (Hakim et al. 2015). Given the
importance of the sea urchin gut microbiota to the host as it
pertains to digestive physiology, as well as the nutritional bene-
fit provided by bacteria enveloped in the egested fecal pellets to
the ecosystem they inhabit, it is imperative to map the micro-
bial profiles of the gut as they occur in nature, including com-
parisons of the microbial communities of the marine environ-

ment to the sea urchin’s own microbiota. These comparisons
would define the selectiveness of the sea urchin gut ecosystems,
if such selection exists, for preferred bacterial taxa in their nat-
ural habitat. The role of microbiota in digestion of the ingested
food within the gut lumen and gut digesta has not been con-
firmed in sea urchins. However, based on the suggested role of
gut microbiota in other organisms, it is likely that there is an
intimate association with the digestion process (Guerinot and
Patriquin 1981; Nelson et al. 2010). With the advent of bioinfor-
matics tools (Phylogenetic Investigation of Communities by Re-
construction of Unobserved States, PICRUSt v.1.0.0) which uti-
lize the 16S rRNA NextGen sequencing data, it is possible to pre-
dict the functional attributes of microbiota residing in various
components of the sea urchin digestive system (Langille et al.
2013).

In this study, we collected fresh specimens of the sea urchin
L. variegatus from shallow-water seagrass beds located in the
northern Gulf of Mexico. We have identified the microbiota oc-
curring in the lumen of the gut and pharynx, the gut digesta and
the egested fecal pellets, as well as the surrounding sea water
and natural seagrass (turtlegrass, T. testudinum) with high taxo-
nomic coverage using a culture-independent NextGen Illumina
MiSeq sequencing technology and bioinformatics tools. In ad-
dition, we have used the PICRUSt v.1.0.0 on 16S rRNA gene se-
quence datasets and determined the predictive functional pro-
file of microbial communities in the naturally occurring sea
urchin gut microbiome.

MATERIALS AND METHODS
Collection of Lytechinus variegatus and sample collection

Lytechinus variegatus (n = 3) were collected in October 2014 from
within 1 m2 of each other in the Saint Joseph Bay Aquatic Pre-
serve, Florida (29.80◦N 85.36◦W), placed in a clean plastic cooler
containing sea water collected from the same location, and
transported to the laboratory at the University of Alabama at
Birmingham. Oceanic water conditions were recorded as 20 ±
2◦C, with a pH of 7.8 ± 0.2 and salinity of 28 ± 1 ppt. Leaves of
the seagrass Thalassia testudinum were harvested by excision at
the urchin collection site and placed in plastic bags for further
microbiota extraction. Fresh sea water samples were collected
within the top 1 m of the collection site and placed in sterile
containers. Three adult sea urchins were dissected for the study
(UR1 d = 55 mm, wet wt. = 31.59 g; UR2 d = 55 mm, wet wt. =
38.58 g; and UR3 d = 60 mm, wet wt. = 46.77 g). Tissue extrac-
tion and environmental sample preparation for NextGen began
7 ± 1 h following collection. Prior to dissection, the sea urchins
were placed in individual containers containing sea water from
the sample site. From these containers, egested fecal pellets
were collected upon their release, to ensure that the released
fecal pellets (egesta) were appropriately collected from each sea
urchin, without the contamination of another sea urchin’s fecal
pellets. The gut tissue and pharynx tissue were collected as de-
scribed in Hakim et al. (2015). The gut digesta was voided and
collected from the gut tissue by gentle shaking in autoclaved
(121◦C for 20 min at 103.42 kPa) sea water. The microbiota of the
sea water (water) (n = 3) from Saint Joseph Bay Aquatic Preserve,
Florida, was vacuum-filtered throughMillipore 0.22μmfiltration
paper (EMD Millipore Corporation, Danvers, MA, USA). The sea-
grass collected from the area of sea urchin grazing were minced
using a sterile scalpel.
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Metacommunity DNA purification and generation
of 16S rRNA amplicon library

Microbial genomic DNA was isolated using the Fecal DNA
isolation kit from Zymo Research (Irvine, CA, USA; catalog
no. D6010) according to the manufacturer’s instructions. An
amplicon library was prepared from metacommunity DNA,
using unique bar-coded oligonucleotide primers through PCR
to amplify the hyper variable region 4 (V4) of the 16S rRNA
gene (Kozich et al. 2013; Kumar et al. 2014). Oligonucleotide
primers were adapted from the standard protocols of the
Earth Microbiome Project (www.earthmicrobiome.org; Caporaso
et al. 2011, 2012), and were as follows: forward primer (515F) V4:
5′-AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTG-
CCAGCMGCCGCGGTAA-3′; and reverse primer modi-
fied from 806R to include uniquely bar-coded 5′ region
and adaptor sequence V4: 5′-CAAGAGAAGACGGCATAC-
GAGATNNNNNNAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-
3′ (Eurofins Genomics, Inc., Huntsville, AL, USA) (Kumar et al.
2014). PCR amplification was set up as follows: 10 μL of 5×
Reaction Buffer; 1.5 μL (200 μM) of each of the dNTPs; 2 μL (1.5
μM) of each oligonucleotide primer solution; 1.5 μL (5 U) of the
LongAmp R© enzyme kit (New England Biolabs, Ipswich, MA, USA;
catalog no. E5200S); 30 μL (2–5 ng μL–1) of the template DNA; and
3 μL of sterile H2O for a total reaction volume of 50 μL. The PCR
cycling parameters were as follows: initial denaturation at 94◦C
for 1 min; 32 cycles of amplification with each cycle consisting
of 94◦C for 30 s, 50◦C for 1 min, 65◦C for 1 min; followed by
final extension of 65◦C for 3 min and a final hold at 4◦C. The
resultant PCR reaction was electrophoresed on a 1.0% (w/v)
Tris-borate-EDTA/agarose gel, and the PCR product (∼380 bp
predicted product size) was visualized using UV illumination.
The amplified DNA band was excised and purified from the
agarose matrix using QIAquick Gel Extraction Kit according to
the manufacturer’s instructions (Qiagen Inc., Venlo, Limburg;
catalog no. 28704).

NextGen sequencing by Illumina and bioinformatics

In preparation for NextGen sequencing, PicoGreen dye (Life
Technologies, Grand Island, NY, USA) was used to quantitate
the samples, which were adjusted to a concentration of 4 nM
(Kumar et al. 2014). To sequence the PCR products, the single lane
flowcell NextGen sequencing Illumina MiSeq platform (Kozich
et al. 2013; Kumar et al. 2014) was used, incorporating the 250
bp paired-end kits from Illumina specific to the V4 region of the
16S rRNA gene. Raw sequence datawere demultiplexed and con-
verted to FASTQ format (Cock et al. 2010), evaluated for qual-
ity and filtered using the FASTX toolkit (Gordon and Hannon
2010). The overlapping regions of the paired-end reads (∼245
bp) were merged using the ‘fastq mergepairs’ module of USE-
ARCH (Edgar 2010). Read pairs with <50 bp overlap and/or over
20 mismatching nucleotides were discarded, and chimeras were
removed using ‘identify chimeric seqs.py’ module of USEARCH
(Edgar 2010). Read quality was assessed before and after filtering
using FASTQC (Andrews 2010). All NextGen raw sequence data
files have been deposited to NCBI SRA for public access (the ac-
cession number is SRP076869).

The following steps were performed using the Quantita-
tive Insights Into Microbial Ecology microbiome analysis pack-
age (QIIME, v1.8.0) (Lozupone et al. 2007; Caporaso et al. 2010;
Navas-Molina et al. 2013; Kumar et al. 2014). First, sequences
were grouped into operational taxonomic units (OTUs) at a sim-
ilarity threshold of 97% using UCLUST (Edgar 2010), and taxo-

nomic assignments (to the species level when possible) were
achieved through the Ribosomal Database Project (RDP) classi-
fier (Wang et al. 2007), trained using the Greengenes (v13.8) 16S
rRNA database (DeSantis et al. 2006; McDonald et al. 2011), at a
60% confidence threshold (Wang et al. 2007). OTUs observed to
be <0.0005% abundant were removed. To summarize taxa abun-
dance at different hierarchical levels (phylum, class, order, fam-
ily and genus), biological replicates in the resultant OTU table
were grouped according to analysis of similarity (ANOSIM) of
the weighted (R = 0.7251; P = 0.001) Unifrac distances calcu-
lated between each sample (Lozupone andKnight 2005; Hamady,
Lozupone and Knight 2010), conducted at 999 permutations us-
ing QIIME (v1.8.0). The top 100 most resolved taxa from this this
data were used to construct stacked column bar charts using
Microsoft Excel (Microsoft, Seattle, WA, USA). Alpha diversity
was estimated using the observed OTUs, Shannon (Shannon
1948; Hill et al. 2003; Marcon et al. 2014), and Simpson (Simpson
1949; Hill et al. 2003) diversitywasmeasured using QIIME (v1.8.0).

To construct the multidimensional-scaling (MDS) plots
(Kruskal and Wish 1978; Clarke 1993; Clarke and Gorley 2001),
the quality assessed unfiltered OTU table was used, and all sam-
ples were rarefied to the median OTU value (87 225) to account
for variation in read depth (QIIME, v1.8.0) (Gotelli and Colwell
2011). Those samples with OTUs totaling less than the median
value were maintained at their original value, and included in
the Beta-diversity analysis (de Cárcer et al. 2011). Beta diver-
sity was visualized using PRIMER-6 software (Primer-E Ltd, Ply-
mouth Marine Laboratory, Plymouth UK, v6.1.2), by standardiz-
ing and square root-transforming the subsampled OTUs from
each sample (Clarke and Gorley 2001), and MDS plots were gen-
erated according to the Bray–Curtis similarity values (Bray and
Curtis 1957). These similarity values were also used to construct
the complete-linkage hierarchical clustering dendrogram (Krebs
1999; Clarke and Gorley 2001; Dawyndt, De Meyer and De Baets
2005) used in the heatmap, to show triplicate sample cluster-
ing according to the Bray–Curtis values (Bray and Curtis 1957).
A heatmap was constructed by merging sample replicates, fol-
lowed by filtering out those taxa with <1% (<0.01) from the top
100 OTUs, using the ‘heatmap.2’ function of the R package (avail-
able at http://CRAN.R-project.org/package=gplots). The dendro-
grams were created using complete-linkage clustering of the
compositional data using the Bray–Curtis values in the R pack-
age. An additional dendrogram to show intrasample variation
in the heatmap was created using Bray–Curtis similarity and
complete-linkage clustering using PRIMER-6 (v6.1.2) software.

PICRUSt (v1.0.0) and STAMP (v2.1.3) analysis for
predictive metagenomics

PICRUSt v1.0.0 (Langille et al. 2013) was used to determine the
predictivemetagenomes of themicrobial populations from each
sample. PICRUSt (v1.0.0) extrapolates known metabolic char-
acteristics based on the associated phylogeny from the se-
quence data achieved after NextGen sequencing of the vari-
able V4 region of the 16S rRNA gene (Langille et al. 2013; Lang,
Eisen and Zivkovic 2014). To achieve a predicted metagenome of
each sample, the FASTA file created after quality assessment,
chimeric trimming and filtering of sequences (<0.0005%) was
used. OTUs corresponding to the sequence file were closed-
referenced picked against the Greengenes (v13.5) database at
a 97% identity, as suggested in PICRUSt (v1.0.0). The resul-
tant OTU table was then supplemented with de novo OTUs
present at >100 in any sample, as determined by open-reference
OTU picking against the Greengenes (v13.5) database. The

http://www.earthmicrobiome.org
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resultant OTU table was normalized, and metagenomes were
predicted by referencing the assigned Greengenes Ids to the Ky-
oto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO)
Database (Kanehisa and Goto, 2000; Kanehisa et al. 2014), using
the ‘predict metagenomes.py’ module of PICRUSt (v1.0.0). The
predicted metagenomes were collapsed into hierarchical cate-
gories (KEGG-Level-2 and 3), and the relative abundances of the
gut digesta (n = 3) and the gut tissue (n = 3) metagenome cate-
gories were calculated and graphed using Microsoft Excel soft-
ware (Microsoft). The KEGG-Level-2 functional categories were
used for two-group box-plot analysis in Statistical Analysis of
Metagenomic Profiles (STAMP v2.1.3) (Parks et al. 2014). Variance
was calculated using a two-sided Welch’s t-test, which does not
assume equal variance (Welch 1938), along with the Benjamini–
Hochberg false discovery rate (FDR) (Benjamini and Hochberg
1995) statistic formultiple test corrections (Parks et al. 2014; Zhao
et al. 2015). Confidence intervals were set to 95% (0.95). The P-
value for the total variance between the two groups is listed in
the box plots. The P-value for a significant difference between
the mean relative abundances of each group was recognized as
P < 0.05.

RESULTS
Total Illumina sequence reads, quality trimming and
OTU designation

NextGen sequencing of the V4 region of the 16S rRNA gene us-
ing the Illumina MiSeq platform resulted in a total of 1761 403
raw sequence reads from the 18 samples of the study (sea urchin
samples n = 3; water n = 3; seagrass n = 3) (Table 1). Quality as-
sessment and chimeric trimming produced 1362 092 sequence
reads, and removal of those unique sequences accounting for

<0.0005% resulted in a total of 1294 253 reads. Of these reads,
the gut tissues (260 551 reads) expressed a combined total of
467 OTUs, and the pharynx tissue (238 729 reads), a total of
1893 OTUs. The gut digesta samples (302 287 reads) displayed
a total of 6740 OTUs, and the egested fecal pellet samples (351
170 reads), a total of 10 172 OTUs. Of the environmental con-
tributions to the gastrointestinal microbiota, the sea water (11
508 reads) produced 914 total OTUs, and the seagrass (130 008
reads) produced 2271. Rarefaction curves reached or approached
a plateau, indicating sufficient sampling depth (data not shown).

Microbial diversity across different samples

Relative abundances of the top 100 resolved taxa determined
through the RDP classifier using Greengenes (v13.8) at a 60%
confidence threshold are elaborated in Fig. 1. Biological repli-
cates were merged on the basis of ANOSIM of the weighted
UniFrac distances (R = 0.7251; P = 0.001). From the gut tissues
collected from the three sea urchins, microorganisms belonging
to phylum Proteobacteria constituted the highest relative abun-
dance. At the class level, Epsilonproteobacteria accounted for
the highest abundance, revealing family Campylobacteraceae
to be heightened (93%). In the gut tissue, genus level taxa as-
signments could not be achieved using QIIME (v1.8.0). Subse-
quent BLAST (Altschul et al. 1990; Morgulis et al. 2008) search
of the overrepresented sequence (253 bp) corresponding to fam-
ily Campylobacteraceae, and occurring across all samples, re-
vealed uncultured Arcobacter sp. (identity: 91%, E-value: 1.82e–
87), Arcobacter bivalviorum (identity: 91%, E-value: 2.00e–89), Sul-
furicurvum sp. (identity: 90%, E-value: 4.00e–86) and other uncul-
tured bacterium clone (identity: 90%, E-value: 2.00e–89). Addi-
tionally, Candidatus Hepatoplasma (∼5%), of phylum Tenericutes,
were observed. The pharynx tissue revealed a high abundance

Table 1. Sample statistics corresponding to the 18 samples of the study, determined after NextGen sequencing of the V4 variable region of the
16S rRNA gene using the Illumina MiSeq platform. Included are the raw sequences prior to analysis, followed by the quality assessed sequence
read counts and the resultant unique observations (unfiltered). This is followed by the filtered count (in which those sequences occurring at
<0.0005% were removed), as well as the resultant unique observations. The Shannon and Simpson diversity values corresponding to each
sample are also included. For Shannon diversity, a value much higher than 0 would be considered more diverse, and for Simpson diversity, a
value closer to 1 would be considered more diverse.

Unique Unique
Raw Quality observations Filtered observations

Sample sequences assessment (unfiltered) reads (filtered) Shannon Simpson

Egested fecal pellet 1 204 150 149 503 16 030 133 208 3431 8.33 0.97
Egested fecal pellet 2 158 186 126 394 10 306 117 384 3367 8.14 0.97
Egested fecal pellet 3 138 390 108 855 9538 100 578 3374 8.46 0.98

Gut digesta 1 132 132 105 608 7550 99 468 2554 6.94 0.95
Gut digesta 2 143 149 118 643 5712 114 053 2004 5.76 0.93
Gut digesta 3 113 415 92 589 5131 88 766 2182 7.20 0.96
Gut tissue 1 89 881 74 363 1205 73 264 184 0.83 0.19
Gut tissue 2 125 274 108 088 1627 106 493 173 0.52 0.09
Gut tissue 3 95 653 81 861 1089 80 794 110 0.60 0.12

Pharynx tissue 1 140 831 104 981 3416 101 762 667 4.14 0.67
Pharynx tissue 2 94 593 68 311 2637 65 931 672 4.18 0.76
Pharynx tissue 3 99 972 72 323 1678 71 036 554 2.21 0.38

Seagrass 1 230 175 70 128 41 5.66 0.97
Seagrass 2 696 525 222 470 177 7.23 0.99
Seagrass 3 208 197 137 462 7006 129 410 2053 6.87 0.88

Water 1 494 228 104 195 76 6.01 0.97
Water 2 12 175 9271 1026 8621 568 5.83 0.91
Water 3 3985 2912 439 2692 270 5.73 0.92

Total 18 1761 403 1362 092 74 786 1294 253 22 457
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Vibrio Propionigenium Flavobacteriales Photobacterium Flavobacteriaceae Cryomorphaceae
Gammaproteobacteria Stramenopiles Persicobacter Ferrimonas Alteromonadales Rhodophyta
Bacteroidetes Pirellulaceae Vibrionaceae Alphaproteobacteria Candidatus Hepatoplasma OM60
Desulfotalea Mycoplana Bacteroidales Saprospiraceae Tenacibaculum Pseudoruegeria
Clostridiales Congregibacter Oxalobacteraceae Flammeovirgaceae Candidatus Portiera Proteobacteria
Marinilabiaceae Bacteriovoracaceae Pseudoalteromonas Caulobacteraceae HTCC Piscirickettsiaceae
Fusibacter Desulfobulbaceae JdFBGBact Erythrobacteraceae Comamonadaceae Lutimonas
Hyphomicrobiaceae Shewanella Myxococcales Chromatiales Rhodospirillales Roseibium
Glaciecola Allobaculum Campylobacterales R76-B128 Chromatiaceae Prevotella
Sediminicola Lactobacillus Planctomyces Oceanospirillaceae Verrucomicrobiaceae Streptococcus
Pseudomonas Agrobacterium Limnohabitans Sphingobacteriales Hyphomonas Acinetobacter
Synechococcus planctomycete Agarivorans Marinicellaceae Vibrionales Aurantimonadaceae
Halomicronema Loktanella Phyllobacteriaceae Ascidianibacter Firmicutes Sediminitomix
Lewinella Lachnospiraceae Hyphomonadaceae Pseudanabaenaceae Roseivirga Desulfococcus
Spirochaetes Ucs1325 Rhizobiales Alteromonas Endozoicimonaceae Caldilineaceae
Desulfovibrio Sneathia Psychroserpens Cryptophyta Flammeovirgaceae Spirochaeta

Figure 1. Stacked column bar graph of the top 100 most resolved taxa (to the genus level where possible) across all samples are presented. Replicates (n = 3) were
merged, and OTUs were left untrimmed. Proteobacteria was found to be considerably abundant across all samples, as well as Bacteroidetes in the gut digesta, egested
fecal pellets and water samples. The seagrass contained a high abundance of Cyanobacteria, and the pharynx tissue was dominated by class Mollicutes of phylum

Tenericutes. Family Campylobacteraceae was determined to be the most abundant taxa in the gut tissue. In the gut digesta and egested fecal pellets, Vibrio, Propi-
onigenium, and Flavobacteriales, and Photobacterium were most abundant. Relative abundances were calculated in QIIME (v1.8.0), and graphed using Microsoft Excel
software (Microsoft).

of Tenericutes (∼60%), showing class Mollicutes to be the most
resolved taxa. Proteobacteria were also observed, with class
Alpha-, Beta-, Epsilon- and Gammaproteobacteria showing as
prevalent (Fig. 1).

The gut digesta and egested fecal pellets of the sea urchins
revealed similar microbial profiles, and were dominated by
phyla Proteobacteria (∼50%) with class Gammaproteobacte-
ria appearing as heightened, followed by Alpha-, Delta-, and
Epsilonproteobacteria at approximately equal prevalence. The
heightened genera were Vibrio, Photobacterium, Propionigenium
and Ferrimonas. Bacteroidetes were also observed, with the
classes Flavobacteria, Cytophagia and Bacteroidia represented.
Persicobacter and Tenacibaculum were the observed genera from
Bacteroidetes.

From the surrounding environment in the Gulf of Mexico, the
grazed upon seagrass revealed a high abundance of Cyanobacte-
ria, followed by Proteobacteria and Bacteroidetes. Positive iden-
tification from within Cyanobacteria revealed order Strepto-

phyta to be the most represented taxa, though resolution past
the order level could not be achieved. However, the occurrence of
this order was insignificant in the gutmicrobial community, and
therefore their role in digestive process, if any, is unknown. Both
the seagrass and the water samples revealed phylum Proteobac-
teria, particularly Rhodobacteraceae (class Alphaproteobacte-
ria). The water samples displayed phylum Bacteroidetes, with
a fairly high relative abundance of class Flavobacteria (∼25%),
with family Flavobacteraceae andCryomorphaceae represented.
Observed taxa at the genus level of all samples are elaborated in
Supplementary Table 1 (Supporting Information).

Statistical analysis

The Shannon diversity and Simpson diversity indices were
calculated for the 18 samples of the study, revealing the gut
tissue to have the least diversity of observed OTUs (Table 1). The
pharynx tissue followed with a moderate diversity, and a high
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Figure 2. 2D multidimensional-scaling (MDS) graph produced by PRIMER-6 (v6.1.2) using subsampled OTU data generated through QIIME (v1.8.0). Overlay of clusters
were generated according to Bray–Curtis similarity, followed by complete-linkage clustering with similarity thresholds set at 10% intervals from 20%–40%. The samples
obtained from the sea urchin microbiome showed distinct clustering patterns, with low intrasample (n = 3) variation. Similarity = Bray–Curtis similarity (scaled to

100).

diversity was observed to be associated with the gut digesta
and egested fecal pellets. The water and seagrass samples also
displayed a high microbial diversity. MDS plot analysis revealed
observable clustering of biological replicates from the sea urchin
(Fig. 2). Three gut tissue samples clustered together at 20% Bray–
Curtis similarity, as did the pharynx tissue samples. The gut
digesta and fecal pellet samples also clustered together. The
seagrass and water displayed more intrasample variability, and
did not cluster as predictably as the other sea urchin samples.
Filtering for heatmap analysis (<1% of the top 100 most resolv-
able taxa) resulted in 42 taxa (Fig. 3). This analysis revealed
the gut tissue to be unique in microbial composition, separate
from the other samples of the study, with a minor similarity
to the pharynx tissue as depicted through complete-linkage
hierarchical clustering (Fig. 3). The OTU data of the gut digesta
and egested fecal pellets were shown to have a similar microbial
profile, and the sea water and seagrass showed a moderate
similarity through complete-linkage (Fig. 3). Dendrogram anal-
ysis of sample replicates using Bray–Curtis distances through
complete-linkage hierarchical clustering supported both
ANOSIM as well as the sample type grouping for the heatmap
analysis.

Predicted metagenomes based on PICRUSt (v1.0.0)

The microbial populations of those samples likely influencing
the digestive processes occurring in the gut of the sea urchin
were subjected to PICRUSt (v1.0.0) analysis to determine the
metabolic processes predicted to be occurring in grouped pop-
ulations, and compare those processes across compartmental-
izedmicrobial populations using theWelch’s t-test of two groups
(Fig. 4). The KEGG-Level-2 categories considered were as fol-
lows: carbohydrate metabolism, amino acid metabolism, lipid
metabolism and energy metabolism. The groups compared in-
cluded the gut digesta and gut tissues. The gut digesta revealed

a heightened relative abundance of the KEGG-Level-2 categories
corresponding to carbohydrate (9.59%; P = 0.028) and amino
acid (10.39%; P = 0.028) metabolisms, as well as a marginally
heightened abundance of lipid (3.45%; P = 0.053) metabolisms
compared to the gut tissue. Conversely, the gut tissue displayed
high abundances of pathways related to energy (7.87%; P =
0.030) metabolism (Fig. 4). Investigations of the KEGG-Level-3
subcategories from carbohydrate metabolism assigned to the
gut digesta showed various sugar metabolic processes, such
as the pentose phosphate pathway, pentose glucoronate inter-
conversion pathway and glycolysis. Starch, sucrose, fructose,
mannose, galactose and amino acid sugar metabolisms were
also pronounced as compared to the gut tissue. KEGG-Level-
3 categories corresponding to amino acid metabolism showed
the gut digesta to exceed the gut tissue in the degradation or
biosynthesis of multiple amino acids (alanine, aspartate, gluta-
mate, glycine, serine, threonine, cysteine, methionine, valine,
leucine, isoleucine, lysine, histidine, tyrosine, phenylalanine
and tryptophan). KEGG-Level-3 categories of lipid metabolisms
also showed the gut digesta to contain pathways related to
the biosynthesis of fatty acids, unsaturated fatty acids and
glycerolipids, among others. From the gut tissue, KEGG-Level-3
pathways of energy metabolisms revealed relative abundances
that surpassed the gut digesta in oxidative phosphorylation,
prokaryotic carbon fixation, and methane, nitrogen and sulfur
metabolisms. An elaboration of STAMP (v2.1.3) statistics, includ-
ing the mean relative abundances of each Level-2 and 3 KEGG
metagenomics category, as well as the other KEGG processes
identified using PICRUSt (v1.0.0), are listed in Supplementary Ta-
ble 2 (Supporting Information).

DISCUSSION

Previous studies on the sea urchin digestive tract microbiota
have described a distinct and pervasive bacterial profile that
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Figure 3. Heatmap generated using OTU data of the top most resolved taxa as determined using QIIME (v1.8.0), and filtered to 42 taxa by including only those taxa

representing >1% of the total abundance. The rows correspond to bacterial taxa, and the columns represent the six different sample types (merged replicates) of this
study. Dendrograms were created using complete-linkage hierarchical clustering of the compositional data. Heatmap was generated using the ‘heatmap.2’ function in
R package (available at http://CRAN.R-project.org/package=gplots). Below is a complete-linkage (furthest neighbor) hierarchical clustering graph produced by PRIMER-6
(v6.1.2) using subsampled OTU data generated through QIIME (v1.8.0). Replicates corresponding to the sea urchin gut system possessed a low intrasample variation,

and the environmental sample replicates showed slight intrasample variation. Similarity index is depicted on the left of the graph below, and similarity to a value of
60 is shown. Similarity = Bray–Curtis similarity (scaled to 100).

will colonize the apparent gut epithelium tissue, recognizably
different from the bacterial community of the ingested feed,
marine environment and pelleted gut digesta and egested fe-
cal pellets (Guerinot and Patriquin 1981; Meziti et al. 2007;
Lawrence, Lawrence and Watts 2013). The microbial profile of
the laboratory-cultured sea urchin Lytechinus variegatus, stud-
ied previously by our lab, revealed a near-exclusive occurrence

of the order Campylobacterales associated with the gut tissue,
of which oligotyping depicted Arcobacter sp., Sulfuricurvum sp.
and Arcobacter bivalviorum (each with BLAST identities ≥90%)
(Hakim et al. 2015). The aforementioned microbial distribution
was corroborated in the naturally occurring sea urchins of the
current study, as the highly abundant representative sequences
were assigned to Campylobacteraceae (93%) (Fig. 1), and also

http://CRAN.R-project.org/packageprotect $elax =$gplots
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Figure 4. PICRUSt (v1.0.0) analysis of predicted metagenomes generated by using the 16S rRNA gene data of the gut tissue (n = 3) and gut digesta (n = 3) samples. OTUs

were picked using closed-reference picking, as suggested by PICRUSt (v1.0.0), and merged with open-reference picked de novo OTUs (occurring at >100 per sample)
which included eachOTU’s respective representative Greengenes ID. KEGG pathwayswere assigned (KO IDs) using the ‘predict metagenomes.py’module, and collapsed
into hierarchical KEGG pathways (KEGG-Level-2 and 3). (A) The mean relative abundance of KEGG-Level-2 metadata categories are listed along with the associated
KEGG-Level-3 pathways. (B) Box plots of the KEGG-Level-2 category of carbohydrate metabolism, amino acid metabolism, lipid metabolism and energy metabolism

were generated using STAMP (v2.1.3) analytical software according to two-group statistics, using a two-sided Welch’s t-test (not assuming equal variance) along with
Benjamini–Hochberg FDR. Confidence intervals were selected as 95% (i.e.: 0.95), and P-value of each KEGG-Level-2 two-group analyses is listed in the respective box
plot. Relative abundance data were graphed using Microsoft Excel software (Microsoft), and box plots generated using STAMP (v2.1.3).

determined to be Arcobacter sp., Sulfuricurvum sp. and A. bi-
valviorum. ANOSIM and subsequent OTU Bray–Curtis MDS clus-
ter analysis revealed the microbial community of each gut tis-
sue sample (n = 3) to cluster together (Fig. 2), away from all
other samples of the study. These results support a distinct gut
tissue-associated bacterial profile, as reported in previous stud-
ies (Guerinot and Patriquin 1981; Meziti et al. 2007). This is to
note that the sample replicates used in this study exhibited a
sufficient number of sequences to generate a reliable taxonomi-
cal identification of microbial communities, as well as their pre-
dictive functional attributes, which was supported by the statis-
tical analyses of the current study (Table 1; Fig. 2). Previously,
three or less replicate samples were reported in NextGen se-
quencing analyses comparing microbial composition in various

ecosystems showing adequate power that was verified by rele-
vant statistical methods (Hong et al. 2015; Manzari et al. 2015;
Sha et al. 2016). Since the heightened taxa of the gut tissue in
this study showed a high BLAST similarity to Arcobacter, it is im-
portant to note that phylotypes related to Arcobacter have been
observed in othermarine invertebrates, such as the Chilean oys-
ter Tiostrea chilensis (Romero et al. 2002), shrimp Rimicaris exoc-
ulata (Durand et al. 2010) and the hydrothermal vent-dwelling
gastropod Alviniconcha aff. Hessleri (Suzuki et al. 2005). To a much
lesser extent, members of the representative class (Epsilonpro-
teobacteria) have been observed in the cecum of mice (Gu et al.
2013), and in humans (Eppinger et al. 2004; Larsen and Dai 2015),
in which both pathogenic and non-pathogenic roles have been
described. However, it is unlikely that the Campylobacteraceae
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taxa observed in this study are antagonistic to the sea urchin L.
variegatus, considering the near-dominant and consistent pres-
ence of these bacteria signifying host-selection (Hakim et al.
2015), and the described non-detrimental association of this
taxa described in the aforementionedmarine invertebrates. The
pharynx tissue also revealed a discernable microbial composi-
tion from the other sample types, and was found to consist of a
high prevalence of Mollicutes (60%), belonging to phylum Tener-
icutes (Figs 1 and 2). Members ofMollicutes have previously been
observed in the stomach of the eastern oyster, Crassostrea vir-
ginica (King et al. 2012), as well as the terrestrial isopod, Porcellio
scaber (Wang et al. 2004). The unique group-specific clustering
of the microbial communities of the gut and pharynx tissues of
L. variegatus was further evidenced through heatmap analysis
(Fig. 3).

The microbiota of the gut digesta and egested fecal pellets
revealed Vibrio to be noticeably abundant in the naturally occur-
ring sea urchin. Interestingly, Vibrio was not found to be signifi-
cantly associatedwith the gut and pharynx tissues (<1%) (Fig. 1).
This taxon has previously been identified in various sea urchins
(Unkles 1977; Guerinot et al. 1982), particularly L. variegatus
(Nelson et al. 2010; Hakim et al. 2015), which have been described
to play a role in nitrogen fixation, as well as protein assimi-
lation in gonadal tissues (Fong and Mann 1980; Guerinot et al.
1982). Certain Vibrio spp. are considered stable and common as-
sociates of many marine invertebrates, and have been observed
in copepod species from the Gulf of Maine (Moisander, Sex-
ton and Daley 2015), various crabs (Carcinus maenas and Hem-
igrapsus sanguineus), mussels (Mytilus edulis) and zooplankton
(Preheim et al. 2011). The representative class (Gammapro-
teobacteria) has also been observed in a number of marine and
freshwater fish (Roeselers et al. 2011), with studies showing sig-
nificant abundances of Vibrio in zebrafish (Danio rerio) (Roeselers
et al. 2011), the abalone (Haliotis discus hannai) (Tanaka et al. 2004)
and the farmed marine turbot fish (Scophthalmus maximus) (Xing
et al. 2013). Additionally, in this study, Photobacterium of family
Vibrionaceae were found to be abundant in the gut digesta and
egested fecal pellets. Members of this genus, specifically Photo-
bacterium lipolyticum, have been identified in the herbivorous sea
urchin Paracentrotus lividus (Meziti et al. 2007; Yeruham et al. 2015)
and other marine organisms (Gomez-Gil et al. 2011), with a po-
tential role in lipolytic activity (Seo et al. 2005; Yoon et al. 2005).
Lastly, Flavobacterales, commonly found in the marine environ-
ment (Smith et al. 2013), were the likely source of high abun-
dance in the gut digesta and egested fecal pellets in the naturally
occurring sea urchins of this study (Fig. 1).

Considering the nutritive profile of seagrass, and the limi-
tations of the innate gut digestive enzymes of the sea urchin,
it has been proposed that the bacteria of the gastrointestinal
tract contribute to the digestion of complex sugars and cellulose
(Lasker and Giese 1954; Garcı́a-Tello and Baya 1973; Unkles 1977;
Becker et al. 2009), as well as themetabolism or synthesis of nec-
essary biomolecules for protein and lipid incorporation (Tysskt
et al. 1961; Fong and Mann 1980; Lawrence, Lawrence and Watts
2006; Arafa et al. 2012). The gastrointestinal tract of this animal
represents a physical compartmentalization of the gut digesta
from the gut tissue, and are each accompanied by uniquely dis-
similar microbial profiles. This would indicate disparate func-
tional profiles along with those divergentmicrobial populations,
suggesting an allocation of microbial metabolisms and digestive
responsibilities occurring in the compartmentalized gut ecosys-
tem of this animal. By using PICRUSt (Fig. 4), a bioinformatics
program that has shown considerable efficacy in the predictions
of metabolic functions of microbial communities (Langille et al.

2013), wewere able to predict carbohydratemetabolic pathways,
seeming to be essential for the digestion of starch and cellulose
from turtlegrass consumed within its natural habitat. This is
supported by a previous study that reported bacterial digestion
of complex carbohydrates from alginate within the sea urchin
gut (Sawabe et al. 1995; Nelson et al. 2010), identifying members
of Vibrio—a genus that appeared heightened in the gut digesta
revealed in this study (Fig. 1). PICRUSt analysis also showed pro-
tein and lipid metabolisms to be elevated in the gut digesta as
compared to the gut tissue (Fig. 4). The reliance on gut microbial
communities for proteinmetabolisms in the sea urchin has been
previously addressed by Fong and Mann (1980), who demon-
strated that suppressed microbial growth in Strongylocentrotus
droebachiensis by antibiotic treatment resulted in a significantly
reduced incorporation of essential amino acids into the gonadal
tissue. Also, from the current study, the observation of pathways
related to lipid metabolism in the gut digesta is likely to be con-
ducted by themicrobial community, and suchmetabolisms have
been supported by previous studies of the microbial involve-
ment in lipid and fatty acid biosynthesis (Leo and Parker, 1966) in
sea urchins Psammechinus miliaris (Cook et al. 2000), Paracentrotus
lividus (Arafa et al. 2012) and other marine invertebrates (Phillips
1984).

Conversely, the bacteria of the gut tissue surpassed the gut
digesta in the KEGG-Level-2 category of energy metabolism,
which encompasses the subcategories of oxidative phos-
phorylation, carbon fixation, methane, nitrogen and sulfur
metabolisms. Such metabolisms denote interdependency be-
tween the bacterial members associated with the gut tissue
and other microbial communities of the sea urchin gut ecosys-
tem (such as the gut digesta) (Fischbach and Sonnenburg 2011).
Bacteria colonizing the mucosal layer of the gastrointestinal
tract in humans and other animals have been implicated in a
myriad of roles in the development, maintenance and home-
ostatic preservation of the digestive tract, often outcompeting
transient microbiota, as a product of a co-evolution of host
and microbe (Rakoff-Nahoum et al. 2004; Tlaskalová-Hogenová
et al. 2011; Schluter and Foster 2012; Wu and Wu 2012). Con-
sidering the near-exclusive abundance of Campylobacteraceae
in the gut tissue, and the substantial relative abundance of en-
ergy metabolisms performed by this community, it appears that
a mutualistic relationship may be occurring between the sea
urchin L. variegatus and its selected gutmucosal resident, though
the mechanisms of selection and the supposed benefit, if one
exists, are unclear at this time.

In summary, the results of this study have revealed the gut
microbial communities, with the highest taxonomic coverage,
in the sea urchin L. variegatus from their natural habitat of the
Gulf ofMexico. An enrichment of Campylobacteraceae (93%)was
observed in the gut lumen, and is similar to that observed in
L. variegatus held in culture and fed formulated diets. Given the
near-exclusive abundance of Campylobacteraceae in the gut tis-
sue, one can predict that the high energy metabolism observed
by PICRUSt (v1.0.0) analysis is attributed by the members of this
taxonomic group. In contrast, OTUs assigned to Vibrio, Photobac-
terium, Propionigenium and Flavobacteriawere found to occur with
high abundance in the gut digesta and egested fecal pellets. The
innate digestive enzymes capable of processing complex carbo-
hydrates, proteins and lipids from diet (turtlegrass) are scarcely
reported in sea urchins, and consequently, studies have impli-
cated the bacteria in the gut ecosystem in executing such nec-
essary metabolic processes (Leo and Parker 1966; Phillips 1984;
Schlosser et al. 2005; Arafa et al. 2012). This indicates the bacte-
rial community within the mucosally enveloped ingesta of the
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naturally occurring sea urchin likely to be involved, as deter-
mined by PICRUSt (v1.0.0), in the metabolism of carbohydrates,
amino acids and lipids. Further metagenomics analyses would
help substantiate the metabolic attributes of the gut microbiota
in benefitting health and digestive physiology of the animal, as
well as the community in their inhabited ecosystem.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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