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Deep COI sequencing of standardized benthic samples
unveils overlooked diversity of Jordanian coral reefs
in the northern Red Sea1

Mamoon M.D. Al-Rshaidat, Allison Snider, Sydney Rosebraugh, Amanda M. Devine,
Thomas D. Devine, Laetitia Plaisance, Nancy Knowlton, and Matthieu Leray

Abstract: High-throughput sequencing (HTS) of DNA barcodes (metabarcoding), particularly when combined with
standardized sampling protocols, is one of the most promising approaches for censusing overlooked cryptic inverte-
brate communities. We present biodiversity estimates based on sequencing of the cytochrome c oxidase subunit 1 (COI)
gene for coral reefs of the Gulf of Aqaba, a semi-enclosed system in the northern Red Sea. Samples were obtained from
standardized sampling devices (Autonomous Reef Monitoring Structures (ARMS)) deployed for 18 months. DNA bar-
coding of non-sessile specimens >2 mm revealed 83 OTUs in six phyla, of which only 25% matched a reference sequence
in public databases. Metabarcoding of the 2 mm – 500 �m and sessile bulk fractions revealed 1197 OTUs in 15 animal
phyla, of which only 4.9% matched reference barcodes. These results highlight the scarcity of COI data for cryptoben-
thic organisms of the Red Sea. Compared with data obtained using similar methods, our results suggest that Gulf of
Aqaba reefs are less diverse than two Pacific coral reefs but much more diverse than an Atlantic oyster reef at a similar
latitude. The standardized approaches used here show promise for establishing baseline data on biodiversity, moni-
toring the impacts of environmental change, and quantifying patterns of diversity at regional and global scales.
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Résumé : Le séquencage a haut debit (HTS) de barcodes ADN (metabarcoding), en particulier lorsqu’il est associé
a un échantillonnage standardizé, est l’une des approaches les plus prometteuses pour recenser les communautés
d’invertébrés cryptiques negligées jusqu’à aujourd’hui. Nous présentons des estimations de biodiversité basées
sur le séquencage du gene cytochrome c oxidase subunit I (COI) pour les récifs coralliens du Golfe d’Aqaba, un
système semi-fermé situé au nord de la mer Rouge. Les échantillons ont été obtenus a partir de dispositifs
d’échantillonage standardizés (structures autonomes de suivi des récifs (ARMS)) deployés pendant 18 mois.
L’analyse des barcodes ADN des organismes non-sessiles >2 mm révéla 83 OTUs appartenant à six embranche-
ments, parmi lesquels seulement 25 % correspondaient à des barcodes de référence dans les bases de données
publiques. Le metabarcoding des fractions 2 mm – 500 �m et sessile révéla un total de 1197 OTUs dont des
représentants de 15 embranchements animaux, parmi lesquels seulement 4.9 % correspondaient à des barcodes de
référence. Ces résultats mettent en evidence le manque de données COI pour les organismes cryptobenthiques de
la mer Rouge. Comparé à des données obtenues avec des méthodes similaires, nos résultats suggèrent que le Golfe
d’Aqaba est moins diversifié que deux récifs coralliens du Pacifique mais beaucoup plus diversifié que des récifs
d’huitre à la même latitude. Les approches standardizées utilisées dans cette étude sont très prometteuses pour la
mise en place de points de comparaison de données de biodiversité, le suivi des changements environnementaux,
et pour la quantification des patrons de diversité aux échelles régionales et globales.

Mots-clés : codage à barres de l’ADN, métacodage à barres, COI, structures autonomes de suivi des récifs, Golfe d’Aqaba.
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Introduction
Biodiversity underpins ecosystem function and pro-

vides a wide range of goods and services to human soci-
eties. Yet in the ocean, biodiversity remains largely
uncharacterized (Mora et al. 2011; Appeltans et al. 2012)
because most species are small, rare (Bouchet et al. 2002;
Albano et al. 2011), and excluded from marine biodiver-
sity assessments (Roberts et al. 2002; Tittensor et al.
2010). Nevertheless, comprehensive and unbiased cen-
suses of marine biodiversity are essential for tracking
responses to environmental changes, including those
caused by human activities.

Genomic approaches have considerable potential for
facilitating the comprehensive censusing of marine life
(Fonseca et al. 2010; Bourlat et al. 2013; Zhan et al. 2013;
Zaiko et al. 2015). Recent studies have shown the promise
of high-throughput sequencing (HTS) for studying cryp-
tic communities of small and rare taxa that account for
most diversity in marine environments (Fonseca et al.
2014; Lallias et al. 2015; Leray and Knowlton 2015). These
approaches show promise not only for establishing base-
line data on biodiversity (Leray and Knowlton 2015) but
also for monitoring shifts in community structure due to
global climate change and local anthropogenic stresses
(Bourlat et al. 2013; Chain et al. 2016). They are particu-
larly powerful when combined with standardized sam-
pling methods, which allow for spatial and temporal
comparisons with minimal sampling bias (Plaisance
et al. 2011a).

Although coral reefs represent less than 0.2% of the
area of the ocean, they may host 25% or more of all ma-
rine eukaryotic species, most of which are small, under-
studied invertebrates (Bouchet et al. 2002, 2009; Albano
et al. 2011). In particular, the Arthropoda and Mollusca
are among the most diverse phyla on coral reefs, with
many small-bodied species, but they have received little
attention in ecological studies. Here, we employed Au-
tonomous Reef Monitoring Structures (ARMS) (e.g.,
Zimmerman and Martin 2004; Leray and Knowlton 2015)
as a standardized sampling approach to characterize
communities of cryptic and overlooked organisms occur-
ring on reefs of the Jordanian coast of the Gulf of Aqaba
(northern Red Sea). Samples were collected using a stan-
dardized protocol developed by Leray and Knowlton
(2015) in which communities are separated by size and life
habit (non-sessile organisms sorted into size classes by
sieves, sessile organisms) for subsequent analysis. Commu-
nity profiles of non-sessile organisms larger than 2 mm are
characterized using traditional DNA barcoding, a method
that largely maintains the integrity of potentially valuable
specimens. Sessile and smaller non-sessile organisms
that are too numerous for individual-based barcoding
are homogenized and analyzed using HTS-based me-
tabarcoding. This approach is now used worldwide (i.e.,
Europe, Indo-Pacific, Western Atlantic) by numerous

partner organizations (http://www.pifsc.noaa.gov/cred/
survey_methods/arms/overview.php).

Reefs that fringe the 27 km Jordanian coast lie just
offshore of the steep arid cliffs that surround the Gulf of
Aqaba (Behairy et al. 1992) (Fig. 1). These reefs are inter-
esting for a number of reasons. First, as part of the Red
Sea, they are highly diverse with many endemic species
(Berumen et al. 2013). Second, these most northerly reefs
of the entire Indian Ocean may represent a refuge from
the effects of global warming because the corals in this
region are remarkably resistant to bleaching (Fine et al.
2013). Finally, the northern Gulf of Aqaba suffers from
severe anthropogenic impacts, including large develop-
ment projects associated with tourism and transporta-
tion, all taking place within a small, semi-enclosed
system and resulting in pollution, habitat destruction,
and overfishing (e.g., Al-Rousan et al. 2012).

The Red Sea generally is understudied (Berumen et al.
2013), although much of the work in the Red Sea has
focused on the Gulf of Aqaba (Berumen et al. 2013; Loya
et al. 2014). However, as in other locations (Mellin et al.
2011), past studies in the Gulf of Aqaba (see Loya et al.
(2014) for a list of studies) have primarily concerned corals
and fishes, and even studies of other community mem-
bers (e.g., Shraideh et al. 1999; Ismail et al. 2005) did not
consider cryptic members of the community. Our study
provides the first community-level dataset for marine
biodiversity in a coral reef ecosystem of the Red Sea. To
put our results in context, we compared them with anal-
yses of two Pacific coral reefs (Plaisance et al. 2011b) and
two oyster reefs (Leray and Knowlton 2015) that were
sampled in comparable ways; oyster reefs are good non-
tropical analogues of coral reefs because they also con-
sist of complex biogenic habitat with a large number of
species (Beck et al. 2011). Our results give preliminary
insights into regional-scale patterns of cryptobenthic di-
versity and highlight the potential of these methods for
understanding diversity of the most overlooked reef or-
ganisms.

Materials and methods

Collection of standardized samples
Most coral reef inhabitants are small (Bouchet et al.

2002) and occur within crevices created by living and
dead reef-building corals. Sampling this complex struc-
ture systematically and comprehensively is difficult and
potentially destructive, making it challenging to infer
patterns of diversity in natural coral reef habitats across
locations and through time. Autonomous Reef Monitor-
ing Structures (ARMS) were designed as a tool to facili-
tate standardized sampling of cryptic reef communities
with minimal disturbance (Zimmerman and Martin
2004). The structure of ARMS mimics the reef matrix by
providing spaces in which small invertebrates and fish
can shelter and surfaces onto which sessile organisms
can attach. In recent studies, each ARMS consists of ten
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22.5 cm × 22.5 cm PVC plates separated by 1.27 mm spac-
ers anchored to a base plate for a total surface area of
0.869 m2 and a total volume of 0.005 m3 per ARMS (ex-
cluding the base plate, see Leray and Knowlton (2015) for
more specifications). Plaisance et al. (2011a) compared col-
lections from ARMS to collections from dead, branching
coral heads for crustaceans >2 mm at Heron Island (Austra-
lia). They found that communities were similar, as mea-
sured with the Bray–Curtis index, for the two collecting
methods, suggesting that ARMS are effective at capturing
the composition of natural communities.

In this study, ARMS were deployed within the Marine
Protected Area of the Marine Science Station (MSS) of the
Gulf of Aqaba, Jordan (Fig. 1), to minimize the effect of
anthropogenic factors on the baseline assessment of bio-
diversity. ARMS were affixed to the seafloor at depths of
12–14 m in small openings within the reef structure, to
avoid damaging living coral. Two locations were haphaz-
ardly chosen that were separated by approximately
200 m, and at each location three ARMS were deployed in
a triangle with a separation between them of 2 m. ARMS

were deployed on 17–19 October 2011 and collected on
11–14 February 2013 for a soak time of 16 months. Upon
collection, a 100 �m Nitex-lined crate was placed over the
ARMS structure and fastened with elastic cords to pre-
vent the loss of organisms during retrieval. Once at the
surface, each ARMS was placed in a separate holding
tank containing 45 �m filtered seawater and air stones to
keep animals alive during laboratory processing. One of
the six ARMS collected was not analysed because it had
been half buried in the sand after deployment.

Sample processing
The standard operating procedure for ARMS disassem-

bly and sample preservation is described in detail by
Leray and Knowlton (2015). Briefly, ARMS were trans-
ported to the wet laboratory of the Marine Science Sta-
tion of the University of Jordan, each within a separate
holding tank. The disassembly of each ARMS was con-
ducted within the holding tank to contain all motile an-
imals. The 100 �m Nitex-lined crate was removed and
rinsed over the tank with seawater from the holding

Fig. 1. Map of the reef site, with locations where ARMS (Autonomous Reef Monitoring Structures) were deployed indicated by
triangles. The yellow-coloured triangles were analysed, while the blue-coloured triangle was not analysed because it was half
buried in the sand after deployment. Modified from Cardini et al. (2016).
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tank. The baseplate, used to anchor the structure to the
seafloor, was removed, lightly brushed over the tank to
collect motile animals, and placed aside as it is not part of
the structure that is analyzed. Each of the 10 plates was
then removed one by one, lightly brushed over the tank to
remove sediments and other motile animals, photo-
graphed on each side to document cover of sessile animals,
and finally placed in labelled 5-gallon buckets containing
45 �m filtered seawater.

At this point, the water within each holding tank
contained all motile organisms that were hiding
within the disassembled structure. Water from the
holding tank was poured through a set of three geo-
logical sieves (Nos. 10, 32, and 140) to separate animals
into three size fractions: >2 mm, 2 mm – 500 �m, and
500–106 �m. Each fraction was placed in an individual
tray with filtered seawater for further processing. Ani-
mals in the >2 mm fraction were sorted to morphospe-
cies based on gross external characters (morphology and
colour) and anesthetized using clove oil or magnesium
chloride. A representative of each morphospecies was
photographed to document colour pattern before pres-
ervation in individual vials containing 95% ethanol. The
2 mm – 500 �m and 500–106 �m fractions were initially
preserved in falcon tubes also containing 95% ethanol
(seawater was first removed by pouring the fraction
through 45 �m Nitex netting). Later, the organic fraction
was separated from the mineral fraction using a decan-
tation procedure (see Leray and Knowlton 2015). The
sample fraction obtained from the 106 �m sieve was pre-
served for future studies and is not considered here.

Sessile communities attached to each of the 10 plates
were scraped into a tray containing seawater before ho-
mogenization at maximum speed for 30 s in a kitchen
blender (Philips, Model HR2096, 800 W). Immediately
thereafter, the contents of the blender were poured into
a 45 �m collection net for rinsing first with seawater and
then with 95% ethanol. This step ensures preservation of
high molecular weight DNA, otherwise sheared by chem-
icals released following homogenization, without im-
pacting the detection rate of sessile taxa. Approximately
30 g of material was preserved in falcon tubes containing
salt-saturated DMSO buffer (0.25 mol/L EDTA (pH 7.5),
DMSO, NaCl-saturated). All fractions were kept at –20 °C
until laboratory analysis. Each piece of equipment was
soaked in 10% bleach (sodium hypochlorite) for a mini-
mum of 5 min before first use and between samples for
sterilization. Nitrile gloves were used to manipulate
equipment.

Molecular analysis

DNA barcoding
A piece of tissue (1–3 mm3) was subsampled from each

animal collected in the >2 mm fraction in a way to min-
imize damage to the specimen (e.g., Arthropoda: leg or
section of leg; Chordata: fin clip; Echinodermata: piece
of arm, a tube foot, or tentacle; Mollusca: piece of the
mantle) and minimize the probability of contamination
(e.g., food, symbionts) (Evans and Paulay 2012). Sub-
sampled tissues were individually placed in 96-well
plates for phenol chloroform extraction using the Auto-
Genprep 965 (Autogen). Following DNA elution in 100 �L
of Autogen elution buffer, polymerase chain reaction
(PCR) was performed to amplify the �658-bp region of
the mitochondrial COI gene using versatile primers
(Geller et al. 2013), and PCR products were sequenced in
both directions with a Sanger sequencing platform. For
details about the PCR mixture and thermocycling pro-
file, see Leray and Knowlton (2015). Negative PCR con-
trols were performed to check for contamination.

DNA metabarcoding
DNA was separately extracted from 10 g of the homog-

enized sessile fraction and from half of the organic frac-
tion obtained from the 2 mm – 500 �m sample associated
with each ARMS. Falcon tubes were centrifuged at
3000 rpm for 10 min before pipetting out as much pre-
servative as possible without removing animals. Tubes
containing the 2 mm – 500 �m samples were then placed
under a sterile hood until the remaining ethanol evapo-
rated. We did not attempt to rinse out leftover DMSO as
it does not interfere with the extraction process. To ac-
commodate the large volume of these samples, the MO-
BIO Powermax Soil DNA Isolation kit was used following
a modified protocol to maximize the yield (see Leray and
Knowlton (2015) for details). An aliquot of DNA was then
purified using the MO-BIO Powerclean DNA Clean-Up kit
and quantified with a Qubit fluorometer (dsDNA HS As-
say kit, Invitrogen) to normalize the DNA concentration
prior to PCR amplification. To multiplex all samples in a
single sequencing run on the Ion Torrent platform, we
used a hierarchical tagging approach combining tailed-
PCR primers and single-indexed adaptors (see Table S22

for multiplexing strategy). Three replicate PCR reactions
were performed per sample to amplify a �313-bp COI
fragment using tailed mini-barcode primers (tailed-ml-
COIintF/tailed-jgHCO; Geller et al. 2013; Leray et al. 2013)
(Table S12). This primer set was chosen because it was
shown to be highly effective at amplifying COI across
invertebrate phyla as well as effective for some protist
groups (Leray et al. 2013). Moreover, partial COI se-
quences provide comparable taxonomic resolution as
full length COI barcodes (�650 bp) (Meusnier et al.

2Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-
2015-0208.
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2008). PCR replicates were pooled, purified with Agen-
court AMPure XP beads, and prepared for sequencing
using the 400 bp chemistry following manufacturer
instructions (Life Technologies). All protocols for PCR
amplification and library preparation are detailed in
Leray and Knowlton (2015). Negative controls were
used at the DNA extraction and PCR stages to test for
potential sources of laboratory contaminants. The neg-
ative DNA extraction used MOBIO reagents without
the inclusion of tissues. PCR grade water was run in
place of DNA template to verify the presence of con-
taminants in PCR reagents. None of the controls led to
successful PCR amplifications.

Sequence analysis

DNA barcoding
Forward and reverse sequences were assembled into

contigs and checked for the presence of stop codons and
frameshifts in Geneious (Biomatters). PCRs were re-
peated with alternative primer sets to improve quality of
sequences if necessary (see Leray and Knowlton 2015).
Once the full high-quality sequence dataset was ob-
tained, the Bayesian clustering algorithm implemented
in CROP (Hao et al. 2011) was used to delineate opera-
tional taxonomic units (OTUs) based on sequence dissim-
ilarity. CROP uses a soft threshold that enables reliable
OTU clustering for datasets that comprise sequences
from a wide range of taxonomic groups (Hao et al. 2011).
Lower and upper bound variance was set to 3 and 4,
respectively, because these values were shown to provide
the lowest frequency of false positives (splitting of taxa)
and false negatives (lumping of taxa) for species of ma-
rine invertebrates (Leray et al. 2013). CROP outputs one
representative sequence per OTU that was used for taxo-
nomic assignment. Each representative sequence was
compared to sequences in GenBank and BOLD databases
(Barcode of Life Data Systems; Ratnasingham and Hebert
2007) using BLASTn searches (Altschul et al. 1990). We
considered an OTU a match to a reference barcode (and
therefore to belong to the same genetic species) if the
level of similarity was higher than 97% (Meyer and Paulay
2005; Plaisance et al. 2009). In the absence of a match,
OTUs were identified morphologically to the lowest tax-
onomic level possible.

DNA metabarcoding
Higher quality reads were pre-filtered by the Ion Tor-

rent Suite Software 4.0.2 (Life Technologies) using set-
tings recommended by the manufacturer (see techni-
cal note https://ioncommunity.thermofisher.com/docs/
DOC-8592) and assigned to samples based on the combi-
nation of primer tag and indexed adaptor. To further
improve the quality of the dataset, additional reads were
removed in Mothur (Schloss et al. 2009) if they were
shorter than 250 bp, had any ambiguous base calls, had
more than two mismatches in the primer sequence, or
had any homopolymer regions longer than 8 bp. Se-

quences were then aligned to a reference barcode dataset
containing 7675 sequences from 30 animal phyla
(Moorea BIOCODE library, Leray et al. 2012) based on
amino-acid translations using MACSE (Ranwez et al.
2011). Sequences that had zero stop codons, zero frame-
shifts, zero insertions, and no more than three deletions
of amino acids were retained. Finally, the reliability of
the dataset was maximized by removing all chimeric se-
quences detected using UCHIME (Edgar et al. 2011). Re-
maining high-quality reads were clustered into OTUs
with CROP using the settings detailed above. All OTUs
represented by a single sequence were removed from the
dataset as they may represent dubious sequences. The
representative sequence per OTU from CROP (see Hao
et al. 2011 for details) was used for taxonomic assignment
(see below).

Comparison of DNA barcoding and metabarcoding datasets
Abundance information forms the base of the Gauss-

ian mixture model used by CROP to delineate OTUs.
However, the nature of abundance data differs between
barcoding and metabarcoding datasets. In barcoding
data, each sequence represents a different specimen,
whereas in metabarcoding data, a read could either rep-
resent a different specimen or a PCR replicate (haplotype
from a single specimen sequenced multiple times).
While this probably has a limited effect on the Gaussian
distribution and therefore the clustering dynamics, we
decided to run CROP on the two datasets (barcoding and
metabarcoding) separately and performed comparisons
using local BLASTn searches (Altschul et al. 1990) to de-
termine how many OTUs were shared between them.
OTU representative sequences of the barcode dataset
(non-sessile organisms >2 mm) were compared locally
against OTU representative sequences of the metabar-
code dataset (500 �m – 2 mm and sessile) using Geneious
(Biomatters). A match was assigned when the level of
similarity between sequences was higher than 97%. This
threshold was determined by plotting the distribution of
sequence similarities between datasets. Specifically, for
each barcode OTU sequence, arrayed along the x-axis, the
level of similarity to the most similar metabarcode se-
quence, shown on the y-axis, was plotted in order of
decreasing similarity (Fig. S12); this plot showed a sharp
drop below the 97% level.

Taxonomic assignments of metabarcode OTUs
Each representative sequence was first compared to se-

quences in GenBank and BOLD databases (Ratnasingham
and Hebert 2007) using BLASTn searches (Altschul et al.
1990). We considered an OTU a match to a reference
barcode (and therefore to belong to the same genetic
species) if the level of similarity was higher than 97% (see
Meyer and Paulay (2005) and Plaisance et al. (2009) for
justification). In the absence of a match, a Bayesian phylo-
genetic approach implemented in the Statistical Assign-
ment Package (SAP, Munch et al. 2008) was used to
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assign each OTU to a higher taxonomic level. SAP con-
ducts assignments by building 10 000 unrooted phyloge-
netic trees from a collection of homologous sequences
retrieved from a public or a local sequence database. It
then calculates the Bayesian posterior probability that a
query sequence belongs to a monophyletic group within
that set of homologues. For the analyses presented here,
SAP was set to retrieve 50 homologues from GenBank
with >70% sequence similarity to each query sequence
(i.e., each OTU representative sequence) and accept
taxonomic assignments at an 80% posterior probabil-
ity. Like most taxonomic assignment programs, SAP
can only assign sequences to taxonomic groups that
are represented in the database. As a consequence,
OTUs that belong to underrepresented groups are
more likely to be assigned to a sister taxonomic group,
especially at lower taxonomic levels. Therefore, we
only report assignments to the phylum, class, and or-
der levels. All OTUs matching bacteria were removed
from the dataset.

Statistical analysis
DNA barcoding and metabarcoding OTU tables were

treated as separate datasets for downstream analysis. An
OTU table is a sample-by-observation contingency table
displaying the number of reads per OTU and per sample.
Individual-based and sample-based rarefaction curves
were calculated using EstimateS (Colwell 2006). Briefly,
individual-based rarefaction curves were built by ran-
domly resampling sequences from the relevant sequence
dataset (e.g., barcode data from all Aqaba samples) at
increasing levels of accumulation (e.g., 1000, 2000, 3000
sequences) (see legend Fig. 7), whereas sample-based rar-
efaction curves were built by randomly resampling
ARMS (e.g., ARMS1, ARMS 2, ARMS3). Resampling was
conducted 1000 times without replacement. These
curves were then compared to previously published data
that described communities associated with Pacific coral
reefs (barcode OTUs only, Plaisance et al. 2011b) and com-
munities associated with temperate and sub-tropical oys-
ter reefs (barcode and metabarcode OTUs, Leray and
Knowlton 2015). OTU tables were rarefied to the lowest
number of sequences using QIIME (Caporaso et al. 2010)
to accommodate differences in abundance across sam-
ples that may affect estimates of diversity and commu-
nity similarity. Rarefied OTU tables were used to
calculate pairwise community distance matrices using
the Bray–Curtis metrics using QIIME. QIIME was also
used to visualize community dissimilarities using princi-
pal coordinate analysis (PCoA) and hierarchical cluster-
ing trees constructed using UPGMA.

Results

ARMS from Aqaba
DNA sequencing of the COI barcode was successful for

331 of the 335 specimens collected in the >2 mm fraction
(GenBank accession numbers KU496231–KU496561; BOLD

doi:dx.doi.org/10.5883/DS-JODA). The success rate with
the jgLCO/jgHCO primer set was 92% (308 out of 335 spec-
imens), and we successfully obtained sequences for 14
and nine additional specimens using primer pairs jgLCO/
HCO and LCO/HCO, respectively. In a few cases (12 spec-
imens of annelids and echinoderms), PCR was successful
regardless of the primer set used, but the quality of the
sequences remained low, indicating the possible co-
amplification of a contaminant. High-quality DNA bar-
codes were obtained after repeating tissue sampling and
DNA extractions. We were unable to get COI sequences
for a total of four specimens because PCR amplification
consistently failed, suggesting primer mismatch or DNA
degradation. All four were echinoderms identifiable
morphologically to the genus Aquilonastra. A total of 17
specimens were collected within that genus, and se-
quences were obtained for 13 of them; all belonged to
the same OTU identified as Aquilonastra yairi using
Blastn searches. Because no diagnostic morphological
feature separated them from the rest of the specimens
in the genus, all four specimens were assigned to the
OTU A. yairi.

Clustering analysis of the >2 mm fraction revealed a
total of 83 OTUs belonging to six phyla. Arthropoda was
the most abundant and diverse group with 204 speci-
mens belonging to 29 OTUs, followed by Mollusca with
50 specimens belonging to 25 OTUs (Fig. 2). Only 21 OTUs
(25%) represented in the >2 mm fraction matched a ref-
erence sequence in GenBank or BOLD (>97%), and only 11
of these were fully identified (to species) in public data-
bases. None of the four most common OTUs, a squat
lobster (family Galatheidae; 52 specimens) and three pa-
laemonid shrimps (family Palaemonidae; 46, 26, and 24
specimens), were represented in public libraries of refer-
ence barcodes (sequence similarity <85%).

As expected (Bouchet et al. 2002; Leray and Knowlton
2015), deep sequencing of the 2 mm – 500 �m and sessile
bulk fractions from five ARMS revealed a much higher
diversity than in the >2 mm fraction, with a total of 1803
OTUs from 153 210 sequences (raw sequence dataset and
OTU table were deposited in the Dryad Digital Repository
doi:10.5061/dryad.dh88c). The OTU abundance curve
showed that relatively few OTUs were abundant, while
many more OTUs were rare (Fig. S22). The probability of
an OTU matching a reference barcode increased with the
number of sequences obtained for the OTU (singleton =
2%, 2–9 reads = 3.1%, 10–99 reads = 7.8%, >100 reads =
8.4%) (Fig. S32). This suggests that OTUs containing fewer
sequences either belong to small-sized or rare taxa un-
derrepresented in public libraries of DNA barcodes, or
they are the product of sequencing artefacts. As a result,
and despite the presence of several confirmed species
among singletons (12), we opted for a relatively conser-
vative approach by removing the 606 OTUs represented
by a single sequence (which are more common than
other low frequency categories and more likely to be
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sequencing artefacts; see Yu et al. (2012) for justification).
Of the remaining 1197 OTUs, only 59 OTUs (4.9%) could be
matched to reference barcodes in GenBank or BOLD at
a >97% threshold. An additional 32 OTUs (2.7%) could be
identified because they matched OTUs that were identi-
fied morphologically from the >2 mm fractions at
a >97% threshold (Fig. 2). A further 666 OTUs (55.6%)
could be assigned to a higher taxonomic group using the
Bayesian phylogenetic approach, while 440 (36.7%) could
not be confidently assigned to any taxonomic group
(Table 1). Most diversity was in the animal kingdom (614
OTUs), but there were also representatives of protists (71
OTUs), Plantae (68 OTUs), and Fungi (4 OTUs) (Fig. 3).
Among the 15 animal phyla, Arthropoda was again by far
the most diverse and abundant (45.8% of OTUs and 42.5%
of reads), followed by Annelida (15.1% of OTUs and 27.3%
of reads) and Mollusca (11.4% of OTUs and 10.6% of reads)
(Table 2).

There was a significant level of overlap in OTU com-
position between each of the three fractions. Almost
half (45.7%) of all OTUs in the >2 mm fraction (Anima-
lia only) were also found in the HTS data of either the
bulk 2 mm – 500 �m or sessile fractions or both (Fig. 4A).
Similarly, 42.7% of all OTUs detected via metabarcoding
were shared between the 2 mm – 500 �m and sessile
fractions (Fig. 4A). The level of overlap remained compa-

rable (41.8%) when considering OTUs identified as Anima-
lia only (Fig. 4B). Nevertheless, the two fractions clearly
partitioned on a PCOA plot (Fig. 5A) and a UPGMA tree
(Fig. 5B) based on relative abundance (Bray–Curtis), with
differences in beta diversity well supported by jackknife
subsampling (Fig. 5B). OTUs belonging to the phyla
Annelida, Mollusca, and Echinodermata drove clustering
of the 2 mm – 500 �m fraction, whereas Bryozoa and
Porifera drove clustering of the sessile fraction (Fig. 5A),
consistent with expectations. There was no evidence for
fine-scale geographic structuring of the >2 mm fraction
(Fig. S42), whereas samples of the physically adjacent
2 mm – 500 �m and sessile fractions clustered together
on the UPGMA tree with high jackknife branch support.

Comparisons of Aqaba ARMS with ARMS from other sites
The average (±SD) number of OTUs per ARMS in Aqaba

was 620.0 ± 114.1 (27.6 ± 3.2 barcoded and 609.8 ± 114.4
metabarcoded) as measured with raw OTU tables. This
represents 2.5 times and 1.7 times more OTUs per
ARMS than was found on oyster reefs of Virginia (tem-
perate) and Florida (subtropical) on the USA Atlantic
Coast (Virginia: 246.1 ± 27.5 total, 11.2 ± 4.1 barcoded and
239.2 ± 27.4 metabarcoded; Florida: 354.8 ± 26.1 total,
15.8 ± 4.9 barcoded and 343.9 ± 23.9 metabarcoded). (Note
that we also removed singletons from the Virginia and

Fig. 2. Operational taxonomic unit (OTU) diversity and abundance by phylum for the five ARMS (Autonomous Reef
Monitoring Structures) analysed from the Gulf of Aqaba, Jordan.
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Florida metabarcode datasets for comparisons with Jor-
dan data.) These ratios remained comparable when using
rarefied OTU tables.

Looking more closely at the >2 mm fraction, rarefac-
tion analyses show that numbers of OTUs rapidly in-
crease with the number of specimens (Fig. 6A) and

samples (Fig. 6C) included in the analysis, with a much
steeper slope for ARMS collected in Jordan than for
ARMS collected in Virginia and Florida. For a similar
number of ARMS (5), there are 2.8 and 1.8 more OTUs in
the >2 mm fraction in Jordan than in Virginia and
Florida, respectively.

Rarefaction analyses with the 2 mm – 500 �m and
sessile bulk fractions show similar trends. Jordan is con-
sistently more diverse than Virginia and Florida (Figs. 7A,
7B). At comparable sampling effort (5 ARMS), there were
on average 2.2 and 1.5 times more OTUs in the 2 mm –
500 �m fraction in Jordan than in Virginia and Florida,
respectively. Similarly, there were on average 3.0 and 2.0
times more OTUs in the sessile fraction in Jordan than in
Virginia and Florida, respectively. Note that sequencing
coverage from this study (mean ± SD = 15321 ± 6540) was
comparable with the oyster reef study by Leray and
Knowlton (2015) (mean ± SD = 18183 ± 7655).

Available data for ARMS deployed in the Pacific Ocean
are limited to crustaceans, but they reveal an interesting
pattern. At a comparable level of sampling effort (5
ARMS), there were 1.9 and 1.7 more crustacean OTUs in
ARMS from the Great Barrier Reef (Heron Island) and
from Hawaii (French Frigate Shoals), respectively, than
in ARMS from the Gulf of Aqaba (Figs. 6B, 6D).

Discussion
A significant body of research on reef fish and corals

has identified the Red Sea as a region of high diversity
and endemism (Roberts et al. 2002; Berumen et al. 2013;
Erpenbeck et al. 2016). However, it has proven challeng-
ing to quantify the most cryptic fraction of reef diversity,
namely small invertebrates that crawl within or are at-
tached to the complex interstices of reefs. This study,
which used DNA barcoding and metabarcoding com-
bined with a standardized sampling approach, provides
the first baseline data for this poorly known but megad-
iverse community for the reefs of the Gulf of Aqaba.

One of the most striking aspects of the results was the
large number of sequences that could not be matched to
sequences in reference databases, even among the larger

Table 1. Operational taxonomic unit (OTU) diversity and abundance as revealed by DNA barcoding and metabarcoding in
Autonomous Reef Monitoring Structures from the Gulf of Aqaba, Jordan.

Gulf of Aqaba (Jordan)

Barcoding Metabarcoding

>2 mm 2 mm – 500 �m Sessile Combined

No. of sequences 331 102 359 50 245 152 604
Total no. of OTUs 83 860 863 1197
Mean (±SD) no. of OTUs 27.6 ± 3.2 354.8 ± 83.0 405.2 ± 83.6 609.6 ± 114.4
Mean (±SD) rarefied no. of OTUs 25.4 ± 4.8 280.8 ± 54.5 394.8 ± 80.6 555.2 ± 92.0
Chao2 [95% CI] 178 [122.0, 302.3] 1142.4 [1044.4, 1270.6] 1091.3 [1031.3, 1171.1] 1399.1 [1343.7, 1470.7]
ICE 192.8 1337.0 1185.6 1542.2
OTUs with match to reference barcodes (%) 25.3 8.5 7.4 7.6
Unidentified OTUs (%) NA 35.0 36.8 36.7

Note: OTUs represented by a single sequence were removed from the 2 mm – 500 �m and sessile fractions before summarizing diversity.
Non-parametric estimates of diversity (Chao2 and ICE) were calculated using rarefied OTU tables.

Fig. 3. Proportion of operational taxonomic units (OTUs)
identified in ARMS (Autonomous Reef Monitoring
Structures) analysed from the Gulf of Aqaba (Jordan),
Virginia (USA), and Florida (USA) in the two fractions
analysed using DNA metabarcoding. OTUs were
considered matched to a reference barcode when the level
of similarity was higher than 97%. In the absence of direct
match, a Bayesian phylogenetic approach was used for
taxonomic assignment.
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size classes that we surveyed. The >2 mm fraction (Ani-
malia only) comprised a total of 331 barcode-based OTUs,
of which only 25% matched barcodes in public sequence
libraries. Remarkably, the four most common OTUs, all
decapods, were not represented in public libraries prior
to this study, which clearly illustrates the overall lack of
barcode data for invertebrates from this part of the
world (Fig. 3). For example, out of more than 600 valid
species of decapods recorded in the Red Sea (WoRMS
Editorial Board 2016) there are only seven species with
published COI sequences in GenBank derived from Red
Sea collections. Moreover, matches to GenBank and
BOLD were proportionally higher among the Arthropoda
and Mollusca than other phyla, highlighting a taxo-
nomic bias in the representation of Red Sea taxa in pub-
lic repositories.

Not surprisingly, the scarcity of relevant sequences
in public databases is even more pronounced for the
metabarcode data. The 2 mm – 500 �m and sessile
fractions showed very few matches to reference barcodes

Table 2. Number of operational taxonomic units (OTUs) detected using DNA metabarcod-
ing from the Gulf of Aqaba, Jordan, for selected taxonomic groups.

Phylum Class Order 2 mm – 500 �m Sessile

Arthropoda Malacostraca Amphipoda 10 4
Decapoda 26 (5) 16 (7)
Euphausiacea 1 1
Isopoda 2 2
Tanaidacea 2 0

Maxillopoda Calanoida 31 (5) 39 (3)
Cyclopoida 3 8
Harpacticoida 6 12
Poecilostomatoida 1 (1) 2 (1)
Siphonostomatoida 6 8

Ostracoda Podocopida 1 2
Bryozoa Gymnolaemata Cheilostomatida 14 21

Ctenostomatida 6 10
Chordata Ascidiacea Enterogona 2 (1) 4 (1)

Stolidobranchia 2 (1) 9 (2)
Cnidaria Anthozoa Actiniaria 3 (2) 0

Alcyonacea 1 (1) 1 (1)
Scleractinia 0 1 (1)

Hydrozoa Anthoathecata 8 8
Leptothecata 2 (1) 3 (1)

Echinodermata Echinoidea Camarodonta 1 (1) 0
Cidaroida 1 (1) 1 (1)
Spatangoida 0 1

Ophiuroidea Euryalida 1 0
Ophiurida 4 (1) 3 (1)

Nematoda Chromadorea Chromadorida 5 5
Desmodorida 3 0
Rhabditida 0 1

Enoplea Enoplida 1 0
Nemertea Anopla Heteronemertea 3 0

Paleonemertea 1 0
Enopla Monostilifera 1 0

Note: The complete OTU table is provided in the Dryad repository doi:10.5061/dryad.dh88c. Num-
bers between parentheses indicate the number of OTUs that had >97% similarity to a GenBank or
BOLD record.

Fig. 4. Overlap in operational taxonomic unit (OTU)
composition between fractions collected in ARMS
(Autonomous Reef Monitoring Structures) in the Gulf of
Aqaba, Jordan, including (A) all OTUs (animals, plants,
fungi, and unidentified OTUs) and (B) OTUs assigned to the
kingdom Animalia only. [Colour online.]
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in GenBank and BOLD (4.9%), and numbers are far below
what we observed for the >2 mm fraction (25%). Part of
this reflects the fact that many organisms in these sam-
ples are small, which makes them harder to collect and
describe. However, sponges are among the most conspic-
uous sessile organisms on coral reefs and as such are one
of the most studied non-coral invertebrate groups in the
Red Sea (Berumen et al. 2013). Yet, out of the 189 valid
species recorded in WoRMS for the Red Sea, GenBank
contained COI sequences for only seven of them as of
September 2015, a number that significantly increased
with a recent survey (Erpenbeck et al. 2016) (to a total of
80 species). The relative scarcity of Red Sea sequences in
GenBank and BOLD databases is also apparent when
comparing the percentage of metabarcode sequences
with matches in the Red Sea for this study (4.9%) versus
in the previous study in Florida (16.4%) and Virginia
(17.9%).

Given the lack of species-level matches, most iden-
tifications of OTUs obtained using metabarcoding
were done via phylogenetic assignments to higher tax-
onomic groups. As the accuracy of this approach is
contingent upon the taxonomic coverage of GenBank
data, it is possible that sequences belonging to the
most underrepresented taxonomic groups may have
been either unassigned or misassigned. For example, in
the latter case, OTUs might be incorrectly identified as
Arthropoda even if they belong to distantly related but
poorly represented groups such as meiofaunal Nema-

toda, Tardigrada, and Kinorhyncha. This problem is ex-
acerbated by the hypervariable properties of COI, which
tends to saturate at higher taxonomic levels, thereby
increasing the likelihood of retrieval of arthropod se-
quences from GenBank for phylogenetic reconstruction.

This dataset also provides the first opportunity to com-
pare barcodes and metabarcodes associated with stan-
dardized samples from tropical coral reefs (Plaisance
et al. 2011b), as well as subtropical (Ft. Pierce, Florida) and
temperate (Chesapeake Bay in Virginia) oyster reefs
(Leray and Knowlton 2015). As was found previously,
the metabarcode analyses yielded many more OTUs
than the barcode analyses (1197 vs. 83). This is due both
to the higher diversity of smaller organisms and to the
high-throughput nature of the sequencing, which results
in metabarcodes for free-living forms as well as gut con-
tents, parasites, and other environmental DNA (Leray
and Knowlton 2015); for example, the diversity of
calanoid copepods (Table 2), normally a planktonic
group, may reflect environmental DNA in local seawater.
Further analyses are needed to characterize the contrib-
utors to the high diversities detected by metabarcoding
approaches (e.g., organismal DNA, environmental DNA,
as well as diversity inflation associated with pseudo-
genes, intra-individual polymorphisms, and sequencing
artefacts).

In addition, metabarcode diversity was differently par-
titioned in the Gulf of Aqaba as compared to the oyster
reef samples. The sessile and 2 mm – 500 �m fractions

Fig. 5. (A) Principal coordinate analysis and (B) jackknifed UPGMA clustering tree representing similarity in community
composition between metabarcode samples calculated using the Bray–Curtis metric. The coordinates of the 10 most abundant
phyla are represented on the PCoA, where the size of each grey sphere is proportional to the mean relative abundance of the
phylum across samples. Branch colours indicate jackknife branch support: red circles = >75%, red asters = 50%–75%, blue
asters = 25%–50%, blue circles = 0%–25%; dot colours refer to size fraction and location as specified for panel (A).
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Fig. 6. (A, B) Individual-based and (C, D) sample-based rarefaction curves comparing diversity of animals >2 mm collected in
the Gulf of Aqaba (Jordan) to previous studies of coral reefs in Hawaii (French Frigate Shoals, crustaceans only; Plaisance et al.
2011a) and the Great Barrier Reef (Heron Island, crustaceans only; Plaisance et al. 2011b), and oyster reefs of Virginia and
Florida (Leray and Knowlton 2015).
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had comparable diversity in Jordan, whereas the 2 mm –
500 �m organisms had 1.38 and 1.35 more OTUs than in
the sessile fraction in Virginia and Florida, respectively
(Fig. 7A) (Leray and Knowlton 2015). This may reflect the
fact that higher recruitment rates at the oyster reef sites
led to greater coverage of the plates by sessile organisms
and hence the potential for competitive exclusion.

With this study it is now also possible to add to our
understanding of the geographic patterns of diversity as
revealed by these methods. Although both the Aqaba
and Florida sites are in subtropical locations (29.5°N and
27.4°N, respectively), the much greater diversity in
Aqaba reflects the fact that the tropical Indo-west Pacific
basin is far more diverse than the tropical Atlantic. In
addition, the Florida location experiences more widely
varying temperatures and in particular much lower win-
ter temperatures (13–31 °C (Wilson et al. 2005)) than do
the reefs of Aqaba (22.7–27.7 °C (Bednarz et al. 2015)).

We have no comparable metabarcoding data from
more diverse reefs in the Pacific. However, data on crus-
taceans collected from ARMS in Hawaii and the Great
Barrier Reef, Australia (Plaisance et al. 2011b), are roughly
comparable (although these samples were not screened
through a 2 mm sieve but rather picked with forceps,

and so might include some slightly smaller organisms).
With that caveat, the data suggest that the crustacean
component of fauna larger than �2 mm (using tradi-
tional barcoding) is considerably less diverse in the Gulf
of Aqaba than in Hawaii and the Great Barrier Reef. This
pattern may be explained by differences in environmen-
tal conditions and biogeographic history. The Red Sea is
peripheral to the Indo-Pacific region with a very distinct
geological history and oceanographic features, and the
Gulf of Aqaba is the most peripheral part of the Red Sea.
On the other hand, the two Pacific reefs are closer to the
coral triangle, the centre of diversity for corals, fish, and
several groups of molluscs and crustaceans (Roberts et al.
2002). If overall diversity follows the same pattern as
observed for crustaceans, these Pacific coral reefs shelter
a higher diversity of other cryptic taxa as well.

Our ability to rapidly characterize whole communities
(using genetic analysis) from volumetrically standardized
samples of habitat (using ARMS) is a major advance for
understanding global diversity patterns in the ocean. Yet,
numerous ecological and methodological factors can influ-
ence comparative analyses if they are not controlled for.
For this reason, guidelines for ARMS deployment have been
proposed to minimize the effects of wave exposure and

Fig. 7. (A) Sample-based and (B) individual-based rarefaction curves comparing diversity of the 2 mm – 500 �m and sessile
fractions collected in the Gulf of Aqaba (Jordan) to previous studies in Virginia and Florida. Singleton operational taxonomic
units (OTUs) were removed from each individual fraction. Note that individual-based curves were averaged per fraction and
per location.
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community successional stage on natural assemblages. For
example, ARMS used to capture coral reef assemblages are
typically placed on reef fronts at approximately 10 m depth
for a period of 16–24 months, whereas ARMS used for oys-
ter reef communities in highly productive temperate and
sub-tropical sites have been placed at 1 m depths for 6
months. Furthermore, protocols for dismantling and pre-
serving fractions have been standardized and described in
great detail (Leray and Knowlton 2015) to reduce sources of
variation during OTU detection caused by technical arte-
facts at various stages of sample processing. We also target
homologous gene regions with similar primers and cycling
conditions across samples. As more data are generated,
however, difficulties may emerge from discrepancies in
data analysis approaches (e.g., quality filtering stringency,
OTU delineation) or differences in sequencing depth
(Brannock and Halanych 2015). As the performance of in-
formatics tools keeps improving, it will be important that
future meta-analyses reanalyze publicly available raw data
to test hypotheses across large spatial and temporal scales.

In conclusion, this study highlights the scarcity of ge-
netic data in public databases for Red Sea organisms, in-
cluding even very abundant taxa, and points to the need for
more vouchered barcoded collections in the Gulf of Aqaba
and more generally in the Red Sea. Nevertheless, barcoding
and particularly metabarcoding are already of great value
in providing baseline data for marine invertebrate diver-
sity. If conducted in a standardized way, metabarcoding
analyses have the potential to rapidly and efficiently quan-
tify biodiversity patterns and the impact of environmental
stressors on hitherto ignored components of marine eco-
systems across space and over time.
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