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Abstract

The ability to gather genetic information using DNA metabarcoding of bulk samples
obtained directly from the environment is crucial to determine biodiversity baselines
and understand population dynamics in the marine realm. While DNA metabarcoding
is effective in evaluating biodiversity at community level, genetic patterns within spe-
cies are often concealed in metabarcoding studies and overlooked for marine inverte-
brates. In the present study, we implement recently developed bioinformatics tools to
investigate intraspecific genetic variability for invertebrate taxa in the Mediterranean
Sea. Using metabarcoding samples from Autonomous Reef Monitoring Structures
(ARMS) deployed in three locations, we present haplotypes and diversity estimates
for 145 unique species. While overall genetic diversity was low, we identified several
species with high diversity records and potential cryptic lineages. Further, we empha-
size the spatial scale of genetic variability, which was observed from locations to indi-
vidual sampling units (ARMS). We carried out a population genetic analysis of several
important yet understudied species, which highlights the current knowledge gap con-
cerning intraspecific genetic patterns for the target taxa in the Mediterranean basin.
Our approach considerably enhances biodiversity monitoring of charismatic and un-

derstudied Mediterranean species, which can be incorporated into ARMS surveys.
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1 | INTRODUCTION

The development and application of biodiversity monitoring tools
enhance the power and pace of data generation, which is important
to track ecological changes in the face of environmental shifts. From
communities to populations, genetic diversity is a valuable tool to
characterize these responses to surrounding pressures. Patterns of
genetic differentiation are, therefore, fundamental to understanding
community and species resilience (Reusch et al., 2005), evolutionary
potential, adaptive ability (DuBois et al., 2022) and connectivity pat-
terns (Darnaude et al., 2022). These aspects have implications for both
marine ecosystems themselves and for the natural services they pro-
vide (Darnaude et al., 2022; Pinsky et al., 2020). Nevertheless, genetic
diversity information is still low and patchy for marine invertebrates
partially due to challenges with sampling (Costantini et al., 2018).

At smaller spatial scales, genetic variability affects local dynam-
ics and thus the resulting in community composition. Biodiversity
assessments are an important tool to capture this local variability
at both species and population levels. In recent years, efforts have
been made to standardize biodiversity data collection, allowing for
studies at larger spatial and temporal scales (Obst et al., 2020). One
such method is the deployment of Autonomous Reef Monitoring
Structures (ARMS; Leray & Knowlton, 2015) which have been used
across the world's oceans over the last few years (Obst et al., 2020;
Pearman et al., 2020, see www.naturalhistory.si.edu/research/globa
I-arms-program/publications for further updates). ARMS consist of
nine stacked PVC plates arranged in a three-dimensional structure
(Figure 1) that provide suitable settlement surfaces for a remarkable
variety of species and can be deployed without causing a significant
impact on the surrounding environment. Following retrieval, organ-
isms collected on and within the structures can be identified using
morphological and molecular techniques (Leray & Knowlton, 2015).
Regarding the latter, DNA metabarcoding is a popular and efficient
approach that allows for the rapid assessment of species diversity
within a community (Taberlet et al., 2012). The mitochondrial cyto-
chrome oxidase | (COIl) gene has been extensively used to describe
whole communities for countless metazoan surveys (e.g. Leray &
Knowlton, 2015; Nichols et al., 2022), and traditional population ge-
netic studies use the same target gene for its intraspecific variability
to study phylogeographic distributions of populations (Pérez-Portela
et al.,, 2013; Wage et al., 2017). However, the within-species variabil-

ity of the COl is typically concealed in metabarcoding studies, despite

representing valuable ecological information with major implications
for ecosystem dynamics (DuBois et al., 2022; Reusch et al., 2005).
Unlocking this data, therefore, has enormous potential for assessing
intraspecific genetic diversity for hundreds of species simultaneously.

Classical metabarcoding studies have primarily focused on gen-
erating species lists rather than assessing within-species diversity.
This is primarily an error-avoidance strategy as both PCR amplifi-
cation of bulk samples and next-generation sequencing inherently
introduce false sequences through, e.g., chimeras and tag-jumping
(Elbrecht et al., 2018; Turon et al., 2020). Clustering sequences is cur-
rently a common practice to reduce input data to molecular opera-
tional taxonomic units (MOTUs) which removes the within-species
variability that is typically binned into MOTUs. Elbrecht et al. (2018)
devised a method for detecting intraspecific genetic diversity by
extracting haplotypes at the community level. This approach has
gained traction in recent years, as evident from numerous studies
(Anddjar et al., 2021; Antich et al., 2021, 2022; Brandt et al., 2021,
Macé et al., 2021; Porter & Hajibabaei, 2020; Shum & Palumbi, 2021;
Turon et al., 2020) that have utilized this technique to reveal valu-
able insights into genetic diversity. The term “metaphylogeography”
was coined by Turon et al. (2020) to describe the application of this
method in uncovering intraspecific genetic patterns and population
structures within ecological communities. With these alternative
bioinformatics tools, raw metabarcoding reads can be processed to
recover amplicon sequence variants (ASVs) at the species level. Once
ASVs or haplotypes are generated from the metabarcoding data, they
can be employed to make inferences about population-level genetic
diversity. However, an issue remains in that the number of reads per
haplotype does not necessarily correlate with the biomass or num-
ber of individuals exhibiting that haplotype (Elbrecht et al., 2017).
Haplotype abundances are crucial for population inferences, and sev-
eral approaches can be considered to quantify relative abundances.
Azarian et al. (2021) proposed the use of a frequency of occurrence
metric instead of read abundances when an appropriate amount of
samples are collected. If reads are recorded for a haplotype in a given
sample, at least one individual with that haplotype was present. This
approach is advantageous for population-level inferences from com-
munity DNA collections when adequately sampled and replicated
(Azarian et al., 2021), as demonstrated by Shum and Palumbi (2021).

In the present study, we show the potential of ARMS to provide
new insights into intraspecific genetic patterns for several inverte-
brate taxa from the Mediterranean Sea. This region harbours unique

FIGURE 1 Autonomous reef
monitoring structures (ARMS) during
deployment (left) and a year later (right).
Photos by Gabriele Giacalone.
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biodiversity hotspots with prominent levels of endemic fauna, ac-
counting for an estimated 7% of global marine biodiversity (Coll
et al., 2012). Nonetheless, Mediterranean coastal areas are subject to
compounding anthropogenic impacts such as habitat disturbance, de-
pletion and destruction (Coll et al., 2012; Micheli et al., 2013). Further,
knowledge about the genetic structure and diversity of many of the
local invertebrate fauna is severely lacking (Costantini et al., 2018;
Mugnai et al,, 2021). Information regarding these species' genetic
diversity in different locations would, therefore, aid in characterizing
their response to environmental pressures in a unique marine setting.
Further, as demonstrated in this study, this information can be ac-
quired through existing biodiversity monitoring efforts. Here, we use
metabarcoding data gathered from ARMS deployed in the Tyrrhenian
(Livorno and Palinuro, Italy) and Adriatic (Rovinj, Croatia) Seas. These
marine basins constitute two distinct biogeographic environments
with species-specific levels of connectivity for invertebrates (Villamor
et al., 2014), which can affect both community patterns and intraspe-
cific diversity. The strong abiotic barriers may contribute to higher
genetic variability in echinoderms and polychaetes due to population
isolation and ongoing speciation (Patarnello et al., 2007; Villamor
et al., 2014). Conversely, lower genetic variability may be exhibited
by corals and sponges due to inherently less variation within the COI
region for these taxa (Calderdn et al., 2006; Erpenbeck et al., 2016;
Shearer et al., 2002). However, there are generally few studies on the

subject in the Mediterranean region (Costantini et al., 2018).

2 | METHODS

2.1 | Study design

Standardized sampling units (Autonomous Reef Monitoring
Structures [ARMS], Figure 1) were deployed in three locations in the
Mediterranean Sea: two in the Tyrrhenian Sea (Palinuro and Livorno,
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FIGURE 2 Map of sampling locations in the Mediterranean Sea.
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IT) and one in the northern Adriatic Sea (Rovinj, HR; Figure 2).
Each location included three sites, with three ARMS in each site
(Figure S1). From each ARMS, five samples were collected corre-
sponding to different plate positions within the structure (Figure S2).
Moreover, one additional sample was collected from the natural
substrate near each ARMS. Each sample was analysed in three PCR
replicates. Two samples from the same ARMS in Livorno contained
insufficient sample volume for genetic analysis. As such, there was a
total of 480 PCR replicates (3 locations * 3 sites * 3units * 6 samples
* 3 replicates—6 unavailable replicates).

The resulting metabarcoding data were compared with two addi-
tional datasets: morphological identification data of organisms pres-
ent on and within the ARMS, and existing sequence data derived

from single-specimen samples published on GenBank.

2.2 | Sample collection

Autonomous reef monitoring structures (Figure 1) were deployed
by SCUBA diving in June 2018 at 14-24m depth (Table S1) and re-
trieved in July 2019. ARMS were placed at the same depth within a
given site. During retrieval, ARMS were covered with PVC boxes to
prevent loss of vagile fauna, then removed from the substrate. Once
transported to the boat, each ARMS was placed into a separate PVC
bin filled with 20-um filtered seawater. Natural substrate was sam-
pled in a 22.5x22.5cm area near each ARMS using a scraper and a
vacuum pump at the time of retrieval. The sample net was collected
and placed into a sterile PE ziplock bag.

In the laboratory, ARMS were disassembled, and vagile fauna
was collected by sieving the water from the bins. The 2000-um frac-
tion was placed in ethanol for morphological identification to the
lowest taxonomic rank possible. Each ARMS plate (22.5x22.5cm)
was placed into individual sterile PVC trays and photographed on
each side to estimate per cent coverage of sessile organisms. The
morphological data collected were used for comparison with me-
tabarcoding data in the present study and a summarized dataset is
available in Appendix S1.

Settlement plates were then scraped and the organic material
was collected according to plate position (Figure S2), resulting in five
samples from within each ARMS. All samples (five from ARMS, one
from the nearby natural substrate) were homogenized separately
in a blender at maximum speed for 15s. The resulting material was
dried, split into sub-replicates in 15-mL falcon tubes with 96% etha-
nol and stored at ~20°C until DNA extraction.

2.3 | DNA extraction, amplification and sequencing
DNA was extracted using the NucleoSpin® Soil Kit (Thermo Fisher
Scientific) following the manufacturer's protocol with two modifica-
tions; the initial sample amount was doubled from 500 to 1000 mg,
and the elution buffer was incubated at 70°C before use.
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Samples were amplified using the versatile degenerate primer
set targeting a 313-bp fragment of cytochrome c oxidase subunit
1 (COI) (forward mICOlintF: GGWACWGGWTGAACWGTWTA
YCCYCC; Leray et al., 2013, reverse jgHCO2198: TAIACYTCIGG
RTGICCRAARAAYCA,; Geller et al., 2013) that has been used to
amplify awide range of phyla across eukaryotes and algae. Forward
and reverse primers were indexed with 12-bp tags and added in
unique combinations for each sample. Each 15-uL amplification
mix consisted of 7.5-pL QIAGEN® Multiplex Master Mix, 2.5-pL
QIAGEN® Nuclease-Free H20, 1.5pL of each respective tagged
primer (2 uM) and 2-puL DNA. All samples, including seven positive
and three negative controls, were amplified in three PCR repli-
cates. The positive controls consisted of six identical terrestrial
mock communities (containing 14 known species) and one marine
mock community (containing 12 known species) with each spe-
cies having a single Sanger sequenced barcode present in unimolar
concentrations (Appendix S1). PCR negative controls consisted of
DNA extraction blanks (1.5-mL tubes left open on the workbench
during extraction procedures) and PCR controls (water).

PCR amplification was performed on an Applied Biosystems®
SimpliAmp Thermal Cycler (Thermo Fisher Scientific). The PCR cycling
consisted of an initial denaturation step of 15min at 95°C, followed by
five cycles of 30s at 94°C, 40s at 45°C and 1 min at 72°C, then 30cy-
cles of 30s at 94°C, 40s at 48°C and 1 min at 72°C, followed by a final
extension step of 10min at 72°C. PCR products, including positive and
negative controls, were pooled in equal amounts for each sample (1 uL
for samples and 4 pL for controls). Pooled PCR product was purified
using NucleoSpin® Gel and PCR Clean-up (Thermo Fisher Scientific)
following the manufacturer's instructions. The metabarcoding library
was constructed by adding lllumina adapters through bridge amplifica-
tion (Indexing PCR, I-PCR) on purified pooled samples using Phusion®
High-Fidelity PCR Master Mix (Thermo Fisher Scientific). The indexing
PCR was performed using 30-pL Phusion® High-Fidelity PCR Master
Mix, 2.1 uL of each of the corresponding indexes and Illumina adapters
(20 M) and 6 pL of purified pooled DNA. PCR cycling consisted of an
initial step of 30s at 98°C, followed by 12 cycles of 40s at 98°C, 45s at
55°C and 1 min at 72°C, and a final elongation step of 10 min at 72°C.
The Illlumina library (550 bp, target region + lllumina indices/adaptors)
was gel extracted and purified using the NucleoSpin® Gel and PCR
Clean-up (Thermo Fisher Scientific).

The library was assessed for quantity and quality using Agilent
2100 Bioanalyzer and sequenced by the French Agricultural
Research Center for International Development (CIRAD) on an

Illumina MiSeq using v2 chemistry (2 x 250 bp paired-end run).

2.4 | Bioinformatics pipeline

The quality of the resulting raw lllumina reads was inspected using
FASTQC (Andrews, 2010; www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/). OBITOOLS (Boyer et al., 2016) was used for initial quality
filtering. Reads below a minimum quality threshold of 28 were removed
(obicut), pair-end reads aligned and alignments with quality scores

below 40 discarded (illuminapairedend). The aligned sequences were
demultiplexed (ngsfilter), filtered strictly for length at 313 bp, reads with
ambiguous bases were removed (obigrep) and parsed by replicate.

Quality-filtered sequences were denoised and clustered in R (R
Core Team, 2022) using a modified JAMP (Elbrecht et al., 2018) de-
noising module excluding abundance filters. Through this module,
singletons were excluded and sequences subsequently denoised
within each replicate using UNOISE (alpha=5, VSEARCH v2;
Rognes et al., 2016) and clustered using SWARM v3 (d=13; Mahé
et al., 2022). Clustering was carried out on the full denoised dataset.

The final dataset was decontaminated using decontam
(Davis et al., 2018) in R which statistically identifies contami-
nant sequences through comparisons with negative controls.
Contaminants were removed based on the prevalence model using
a 0.5 threshold after excluding eight negative control replicates
with library sizes >2000.

Each step was evaluated by inspecting the number of haplo-
types remaining in terrestrial positive control sequence clusters,
i.e., the molecular operational taxonomic units (MOTUs) con-
taining the terrestrial control haplotypes. The marine positive
controls were not used for this purpose due to potential cross-
contamination between samples. After decontamination, spuri-
ous haplotypes remained and the haplotype table was, therefore,
further curated using lulu (Frgslev et al., 2017) in R with default
settings (84% similarity threshold, 95% co-occurrence ratio). The
following filters were then applied in successive order: haplotype
relative abundance per replicate >0.01%, haplotype absolute
abundance in replicate >5 reads and occurrence in at least two out
of three PCR replicates.

The resulting sequences were inspected in MEGA11 (Tamura
et al, 2021) and those containing stop codons were removed.
Sequences were taxonomically assigned using the RDP classifier
(v2.12; Wang et al., 2007) trained on a COI database from 2016
(Wangensteen & Turon, 2016). A second taxonomic assignment was
made using BOLDigger (Buchner & Leese, 2020) to account for up-
dated databases since the creation of the RDP classifier reference.
In BOLDigger, the BOLDigger method was used to identify top hits
and flag suspicious matches. Species-level uncertainties (e.g. due to
incomplete taxonomic resolution in the reference match) were in-
spected and corrected when possible. The taxonomic tables from
RDP and BOLDigger were combined so that BOLDigger assignments
replaced RDP assignments in cases when BOLDigger had sequence
identity match 298% and RDP species-level bootstrap values were
lower than 98%. RDP species-level assignments were accepted for
species-level bootstrap values 290%. If RDP bootstrap values for
class were lower than 85% and no appropriate BOLDigger assign-
ment was available to replace it, no class was assigned and the hap-
lotype was removed. If a given MOTU contained haplotypes where
some remained unassigned at species level, all haplotypes received
the species assignment when no conflicts were present. MOTUs con-
taining conflicting class assignments were removed. The final taxo-
nomic list was filtered to exclude non-marine and non-metazoan taxa,

and haplotypes clustered into MOTUs containing control sequences
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(including from marine mock communities) were removed to account

for cross-contamination between control and real samples.

2.5 | Data analysis

In the final haplotype table, it was noted that haplotypes assigned to
the same species were frequently clustered into separate MOTUs. For
this reason, haplotypes were grouped into species based on taxonomic
assignment rather than MOTUs. Haplotypes without species-level as-
signments were, therefore, disregarded after initial data exploration.

To generate population-level information, the resulting dataset
was converted to presence/absence per haplotype per sample (see
Azarian et al., 2021; Shum & Palumbi, 2021). Note that this is dif-
ferent from presence per PCR replicate since a haplotype had to be
present in at least two out of three PCR replicates in previous steps
to be considered present in a sample. The plate position for each
sample was not treated as a variable in any analyses since this was
beyond the scope of the present study.

To validate and compare results, sequences from single-specimen
samples were included from GenBank for species with more than
three haplotypes in the metabarcoding dataset. Sequences were
downloaded when more than 10 sequences from Mediterranean lo-
cations were available. Sequence data meeting these criteria were
available for four groups: Ophiothrix fragilis (Pérez-Portela et al., 2013),
Platynereis dumerilii and P. massiliensis (Calosi et al., 2013; Wage
et al., 2017), Clytia spp. (Cunha et al., 2017) and Eualus spp. (Conforti
& Costantini, 2022). The GenBank sequences were combined with the
species data from the present study and aligned in MEGA11 (Tamura
etal., 2021) using the Muscle algorithm (Edgar, 2004). Sequences were
trimmed to the longest possible overlapping fragment in MEGA11.

Haplotype networks for species with at least five haplotypes
were created using pegas (Paradis, 2010) in R. Pegas was also used
to compute genetic distance (K2P) and nucleotide diversity (x). The
R package ade4 (Dray & Dufour, 2007) was used for analysis of mo-
lecular variance (AMOVA) with a randomization test (n=999) to test
the effects of location and site (nested within location) on genetic
variability in each species. Accumulation and rarefaction curves
were created using the R package vegan (Oksanen et al., 2022).

To confirm that species found in the resulting dataset had previ-
ously been observed in the study region, species occurrence records
were checked in the Global Biodiversity Information Facility (GBIF;

www.gbif.org/) occurrence database.

3 | RESULTS

3.1 | Pipeline outputs

A total of 12,999,884 reads from 480 PCR replicates were generated
after evaluation based on 42 positive control replicates with mock
communities and 10 negative control replicates (Table S2). After
the bioinformatics pipeline, 13 out of 14 control sequences from
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terrestrial mock communities were recovered, with eight spurious
haplotypes remaining in their corresponding molecular operational
taxonomic units (MOTUs) across the positive control replicates. Eight
MOTUs with a total of 17 haplotypes were excluded from further anal-
ysis due to conflicting class assignments within the MOTU. Further,
seven haplotypes were assigned to a vertebrate class (Actinopteri,
ray-finned fishes) and excluded since this was outside the scope of
the present study. Field samples contained a total of 349,976 reads,
with an average of 2187 reads per sample (range 38-15,027, stand-
ard deviation 2592) following the pipeline. Taxonomic assignment re-
sulted in 4498 metazoan haplotypes, of which 613 haplotypes in 322
MOTUs were taxonomically assigned to at least class level. Of these,
429 haplotypes in 205 MOTUs were taxonomically assigned to the
species level. The resulting dataset was converted into presence/ab-
sence of unique haplotypes for each sample (comprising three repli-
cates), which resulted in a total of 2243 presence counts. Rarefaction
curves (Figure S3) for number of species and haplotypes observed
at different sequencing depths showed that the majority of samples
reached saturation. This indicated that the sequencing depth was ad-
equate for capturing the diversity of the community. Accumulation
curves for number of haplotypes and species observed with increas-
ing number of samples are presented in Figure S4.

The pipeline generated a dataset with 145 unique species. Fifty
of these species belonged to more than one MOTU, with five species
clustering into four or more MOTUs. Conversely, only four MOTUs
contained multiple species assignments. For this reason, analyses
following initial data exploration considered species to consist of
haplotypes with the same taxonomic assignment at species level,
rather than individual MOTUs. As a result, haplotypes without spe-
cies assignments were disregarded.

3.2 | Comparison with morphological observations
Photoanalysis of sessile organisms on ARMS plates identified 22 in-
vertebrate categories to at least genus level (Figure 3). Of these cate-
gories, only one (the ascidian Ciona edwardsi) was also observed in the
metabarcoding data. The most frequent categories identified in the
photoanalysis were the Annelida Polychaeta Salmacina spp./Filograna
implexa species complex (Kupriyanova & Jirkov, 1997) and the Bryozoa
Schizobrachiella sanguinea, which both lacked haplotype occurrences in
the metabarcoding data. The photoanalysis identified a larger number
of bryozoan (classes Gymnolaemata and Stenolaemata) and ascidian
(class Ascidiacea) species than the metabarcoding method (Figure 3).

Morphological identification of vagile fauna (22mm) observed
92 categories defined to at least genus level in the ARMS. Of these,
17 categories matched with species present in the metabarcoding
data (Figure 3). A larger number of mollusc species (classes Bivalvia
and Gastropoda) were detected using morphological identification
than metabarcoding.

Conversely, metabarcoding detected 128 species not found in
either sessile or vagile data, primarily species of classes Polychaeta
and Demospongiae (Figure 3).
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3.3 | Location and site comparisons

The most abundant classes were Polychaeta, Hydrozoa and
Demospongiae (Figures 4 and 5). The three classes constituted 84%
of haplotype occurrences in the final dataset and were prevalent
across all locations (Figure 5), although Rovinj had more classes
represented overall. Rovinj had the highest numbers of unique spe-
cies, haplotypes and haplotype occurrences when comparing the
three locations, followed by Livorno and then Palinuro (Table S3).
Only 10 species were present with more than five occurrences in
all three locations. Eight of these occurred in sufficient numbers to
test differences between locations. AMOVA with a randomization
test (n=999) using locations and sites as groups revealed two spe-
cies having significant variance explained by location: the Porifera
Halisarca dujardinii (® 0.084, 8.4% variance explained, p=.001)
and the Porifera Strongylacidon bermuda (® 0.081, 8.1% variance

Sessile Metabarcoding
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explained, p=.034), see Table S4. However, the overwhelming ma-
jority of variance was contained within sites, and most sites had sev-
eral unique haplotypes (i.e. haplotypes occurring strictly at a given
site; hashed bars in Figure 5). Polychaeta had the highest propor-
tion of unique haplotypes per site and was the most abundant class;
Hydrozoa and Demospongiae had a lower proportion of unique
haplotypes despite being abundant (Figure 5). Further, within-site
variance was also apparent, i.e., differences between ARMS. In total,
197 haplotypes from 82 species were only found on one ARMS,
mainly belonging to the most abundant classes.

3.4 | Intraspecific diversity patterns

Most species (84 of 145) had only one haplotype present, and 60
of those species were only found in one sample (i.e. one settlement

Vagile

. Metabarcoding

I:] Sessile
. Vagile

FIGURE 3 Comparison of species
detected using morphological
identification (sessile and vagile fractions)
and metabarcoding methods at class level.
Venn diagram illustrates the total number
of species detected.
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plate or one natural substrate plot). Overall, nucleotide diversity
was low across species, with some exceptions. A total of six species
had nucleotide diversities >0.06 (Figure 4), Polychaeta: Trypanosyllis
zebra, Subadyte pellucida, Gyptis propinqua; Ascidiacea: Ciona ed-
wardsi; Malacostraca: Eualus cranchii and Hydrozoa: Clytia gracilis.
Mean nucleotide diversity for all species was 0.0080 +st. dev. 0.026
(0.019 +£0.037 when excluding zeros). There was no significant dif-
ference in nucleotide diversity between classes with more than five
haplotype occurrences and at least three species (Kruskal-Wallis
rank sum test; )(2: 24.6,df=15, p>.05).

Haplotype networks for species with at least five haplotypes are
available in Appendix S2.

3.5 | Species with high intraspecific variation

Five species clustered into four or more MOTUs; Halisarca dujardinii
(Demospongiae), Myrianida quindecimdentata (Polychaeta), Sabellaria

0.00 0.05 0.10 0.15 0.20
Nucleotide diversity &

spinulosa (Polychaeta), Eualus cranchii (Malacostraca) and Clytia gra-
cilis (Hydrozoa). Nucleotide diversity within these species ranged
from 0.01 to 0.07, and maximum within-species distances were
7.4%-24.5% (K2P distances). Besides these species, the polychaetes
Trypanosyllis zebra, Subadyte pellucida, Eusyllis lamelligera, Hesiospina
aurantiaca, the hydroids Campanularia hincksii and Bougainvillia mus-
cus, and the gastropod Bittium reticulatum, were the species with
the highest nucleotide diversity (Figure 6) that have documented
presence in the study regions according to Global Biodiversity

Information Facility (GBIF; gbif.org).

3.6 | Comparison with GenBank sequences

Additional data from population genetic studies employing single-
species methods in Mediterranean locations were available for
four groups: Ophiothrix fragilis (Pérez-Portela et al., 2013), Clytia
spp. (Cunha et al., 2017), Platynereis dumerilii and P. massiliensis


https://www.gbif.org/
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(Calosi et al., 2013; Wage et al., 2017) and Eualus spp. (Conforti
& Costantini, 2022). Results for O. fragilis and Clytia spp. are pre-
sented and discussed in more detail for comparative purposes; hap-
lotype networks for Platynereis spp. and Eualus spp. are available in
Appendix S2 (Figures S5 and Sé).

3.6.1 | Ophiothrix fragilis

For the brittle star Ophiothrix fragilis, five haplotype sequences
were found in the present study across the three study loca-
tions. These were combined with 124 COIl sequences from nine
Mediterranean locations collected between 2006 and 2011 (Pérez-
Portela et al., 2013). After alignment and trimming, the combined
data collapsed into 89 unique haplotypes with a length of 313bp
(Figure S7). In the present study, four haplotypes were new, and one
had previously been found by Pérez-Portela et al. (2013) (Figure 7).
Two distinct clusters emerged in the haplotype network, where

all sequences found in this study belonged to the larger cluster
(Figure 7). Pérez-Portela et al. (2013) described two distinct lineages
in Ophiothrix fragilis where all haplotypes except BLA1 in lineage |
originated from Atlantic samples. However, once trimmed to the
overlapping 313-bp target amplicon, BLA1 grouped with the largest
Mediterranean cluster (Figure 7).

3.6.2 | Clytia gracilis and C. hemisphaerica

For hydrozoans in the genus Clytia, C. gracilis and C. hemisphaerica
were selected for further analysis due to previous indications that
these species may present population structure or cryptic species
(Cunha et al., 2017; Govindarajan et al., 2006). Seven C. gracilis and
five C. hemisphaerica sequences from this study were combined
with 17 sequences from Cunha et al. (2017) and Govindarajan
et al. (2006). Sequences from Govindarajan et al. (2006) were re-
moved due to the presence of ambiguous bases. The combined data
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FIGURE 6 Haplotype networks for the most diverse species in the dataset. Colours correspond to sites within regions. Species are shown
if they have at least five haplotypes and confirmed distribution in the study region. Haplotype circle sizes are not to scale due to differences
in abundance between species. *Region explained a significant amount of genetic variance.
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Portela et al. (2013). The haplotype from lineage | in Pérez-Portela et al. (2013) has been marked, BLA1. Haplotypes introduced in this study

are marked with an asterisk (*).

collapsed into 22 haplotypes of 313 bp. In this study, seven new and
four previously described haplotypes were found (Figure 8). Clytia

gracilis was polyphyletic in the combined data (Figure S8).

4 | DISCUSSION

Autonomous reef monitoring structures have been deployed
throughout the world's oceans to monitor biodiversity and evalu-
ate the influence of environmental and anthropogenic impacts on
species richness (Obst et al., 2020; Pearman et al., 2020). Here, we

use DNA metabarcoding data from ARMS deployed in highly di-
verse locations around lItalian coastal waters in the Tyrrhenian and
Adriatic Seas. With a combination of existing bioinformatics tools,
we disentangle haplotypic variation at an intraspecific level across
biogeographic regions. We reveal trends of genetic variability be-
tween and within both locations and sites that would otherwise
be missed using traditional single-species methods. Our approach
documents valuable genetic information for 145 benthic inverte-
brate species simultaneously and enables the first investigation of
the genetic patterns of diversity for several species. This study high-
lights the potential of ARMS biodiversity surveys coupled with DNA
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metabarcoding-based haplotype analysis to reveal hidden genetic

patterns among Mediterranean invertebrates.

4.1 | Comparison with morphological data

In addition to the molecular information, morphological data were
collected from the ARMS. This included estimates of percentage
cover of various sessile organism categories and morphological
identification to at least genus level of vagile fauna 22mm. Overall,
species occurrences from the DNA metabarcoding data show
slight overlap with morphological observations (Figure 3), a pattern

which has been observed in similar studies (Cahill et al., 2018; Obst
et al.,, 2020). In the present study, metabarcoding detected 128 spe-
cies not found through the morphological identification methods,
or alternatively, found but not identified at genus level. Conversely,
metabarcoding methods failed to detect the most abundant genera
in morphological observations. The fact that morphological iden-
tifications did not match well with the DNA metabarcoding data,
despite the rarefaction curves being mostly saturated (Figure S3),
highlights the potential limitations and discrepancies between the
two approaches. The saturation of rarefaction curves suggests that
the sequencing depth was sufficient to capture the majority of the
species diversity in the samples. However, the mismatch between
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the morphological and molecular data could be attributed to various
factors.

Firstly, morphological identification may not be able to detect
cryptic species, which are genetically distinct but morphologically
indistinguishable, leading to an underestimation of true species
diversity. Secondly, the DNA metabarcoding approach may de-
tect species that are difficult to identify morphologically, such as
sponges, or specimens otherwise overlooked due to their small
size or rarity. Lastly, molecular methods may fail to identify—or
misidentify—certain species due to, e.g., primer bias or mismatch
(Cahill et al., 2018), insufficient sample amounts and incomplete or
inaccurate reference databases (Mugnai et al., 2021).

Overall, these patterns underscore the importance of integrat-
ing both morphological and molecular methods to achieve a more

comprehensive understanding of biodiversity in ecological studies.

4.2 | Community patterns across locations
Polychaeta, Demospongiae and Hydrozoa dominated observations
in this study, accounting for 84% of metazoan haplotype occur-
rences. Many pioneer species, such as the sedentary polychaete
Sabellaria spinulosa and the hydroid Obelia dichotoma, were found
in the samples and sometimes with high haplotype occurrences.
This was expected since ARMS are artificial substrates and were
deployed for only 1year, mainly allowing the growth of an early-
stage community. Previous studies in the Adriatic and Tyrrhenian
Seas have found similar classes and species as those observed in
this study on artificial structures within the first year of deployment
(Ardizzone et al., 1989; Ponti et al., 2015; Spagnolo et al., 2014).

4.3 | Location and site comparisons

The three locations had similar class compositions, with Polychaeta,
Demospongiae and Hydrozoa constituting the majority of haplo-
types identified. Rovinj, in the northern Adriatic Sea, had the great-
est number of haplotypes and represented classes. In a similar study
by Pearman et al. (2020), differences in community composition
between Western Mediterranean and Adriatic locations were more
apparent, with Arthropoda dominating in the former and Polychaeta
in the latter subregions.

Many haplotypes were unique for the different sites within each
location, indicating potential within-region variation in community
composition and intraspecific genetic variability (Figure 5). This was
particularly the case in Rovinj sites. Polychaetes had a larger num-
ber of site-unique haplotypes across the three locations, while most
hydrozoan and demosponge haplotypes were shared between two
or more sites. For example, the polychaete Sabellaria spinulosa had a
large number of haplotypes in the Isola site (Livorno) but few in other
sites and none in the Palinuro location (Figure 6). Other species, such
as the hydrozoan Campanularia hincksii, had haplotypes represented
in and shared between almost all sites (Figure 6). This highlights

species-specific patterns in genetic diversity across the study area.
Further, a comparatively large number of haplotypes were also only
found on one ARMS unit. As such, variation at all spatial scales, from
location to individual ARMS unit, was observed at species level. This
brings an additional perspective to the within-site community differ-
ences presented by Pearman et al. (2020).

Assessment of location differences in species-specific genetic
patterns was made difficult by the small number of haplotype oc-
currences remaining after stringent filtering, the overall low diver-
sity and the fact that most species did not occur across the three
locations. Despite this, eight abundant species were analysed
during location comparison and two of these (both demosponges)
had significant genetic variance explained by location, Halisarca
dujardinii and Strongylacidon bermuda. Several invertebrate species
show population genetic structure in the Mediterranean, some-
times relating to geographic barriers or isolation by distance (e.g.
Costantini et al., 2018; Villamor et al., 2014). For some species,
Villamor et al. (2014) indicated connectivity between the Tyrrhenian
and Adriatic Seas, despite significant environmental differences be-
tween these areas. In the present study, we found no clear patterns
of regional variation but highlight the potential of metabarcoding

methods for this purpose (see Turon et al., 2020).

4.4 | Intraspecific diversity patterns
Most species had low COI diversity, with 58% of recorded species
having only one haplotype. Moreover, 41% of described species
were only found in one sample. Across all species, including those
with a single occurrence, the average nucleotide diversity was
0.8% + 2.6 SD. When excluding species with zero diversity, the cor-
responding number was 1.9%+3.7 SD. Similarly low intraspecific
diversity was found by both Shum and Palumbi (2021) and Turon
et al. (2020) using metabarcoding methods in the Pacific Ocean and
Atlantic/Mediterranean Seas respectively. The early-stage commu-
nities on artificial structures can be expected to have lower diversity
than established communities on natural substrates. In addition, di-
versity estimates can be influenced by the size of the gene fragment
since the 313 bp used in this study is shorter than the 650bp in con-
ventional COl-based population genetics. In the present study, this
was demonstrated in the case of Ophiothrix fragilis, where trimming
the additional data from Pérez-Portela et al. (2013) collapsed 125
sequences to 90 haplotypes and removed the distinction between
two known lineages (Figure S7). Further, COI inherently harbours
low variability in several taxa, which can also explain the observed
patterns. These taxa are typically at the base of the Metazoan tree
(Huang et al., 2008) and include, for example, sea anemones (Shearer
et al,, 2002), corals (Calderon et al., 2006; Shearer et al., 2002)
and demosponges (Erpenbeck et al., 2016). Apart from the class
Demospongiae, this aligns with the observed patterns in the present
study (Figures 4 and 5).

At the other end of the spectrum, some instances of high in-
traspecific diversity were found. High nucleotide and haplotype
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diversities were observed in Polychaeta, Malacostraca, Hydrozoa
and Demospongiae, which also were the most abundant classes.
Haplotype diversity per species significantly increased with increas-
ing haplotype occurrences (Figure S9), while nucleotide diversity un-
expectedly did not (Figure S10). For example, some abundant species
had only one haplotype or low nucleotide diversity (e.g. the Porifera
Oscarella lobularis and the Arthropoda Decapoda Synalpheus gam-
barelloides). Conversely, the Polychaeta Trypanosyllis zebra, with only
five haplotype occurrences, had a nucleotide diversity of 0.19. This
was the highest nucleotide diversity observed in our samples, and an
outlier compared to other species. Alvarez-Campos et al. (2017) con-
cluded that T. zebra in the Mediterranean may consist of a species
complex with genetic distances ranging between 10.5 and 27.4%
among Trypanosyllis pseudocryptic lineages, which was lower than
the maximum “intraspecific” distance found in this study (42.6%;
Appendix S1).

Another species with unexpected genetic patterns was the Ross
worm, Sabellaria spinulosa, an abundant reef-building polychaete in
the Mediterranean Sea (Schimmenti et al., 2015) which had many
haplotype occurrences in our samples. The abundance was ex-
pected as it is a pioneer species, and its presence was confirmed by
the morphology-based records. More unexpectedly, however, this
study presents relatively high nucleotide diversity (0.025) and very
high intraspecific distances (up to 10.7%) for this species. For com-
parison, a previous study of S. spinulosa in the Mediterranean found
the intraspecific distances to be only 0.9% (Schimmenti et al., 2015)
employing a longer COI fragment (610bp). This highlights potential
population structure or crypticity within an important yet under-
studied species in this region. Similarly, the polychaete Subadyte pel-
lucida had extremely high nucleotide diversity (16.1%) and has been
found living on or attached to other organisms such as coral colonies
(Mastrototaro et al., 2010), sponges (Goren et al., 2021), anemones
(Mangano et al., 2010) and sea stars/brittle stars (e.g. Ophiothrix fra-
gilis; Pettibone, 1993). However, this species has not been studied at
a population genetic level in the Mediterranean and requires further
investigation related to their host specialization and diversity. These
results demonstrate the benefit of metabarcoding-based methods
to identify potential cryptic lineages and highlight prospective ave-
nues of research in species discovery and distribution.

On a species level, we were able to compare our findings with
existing studies of four groups: the brittle star Ophiothrix fragilis, the
annelid polychaetes Platynereis dumerilii and P. massiliensis, the hy-
drozoans Clytia gracilis and C. hemisphaerica and the shrimp Eualus
spp. We found both new and previously described haplotypes in our
dataset for all species groups, and further provide records from pre-
viously unstudied locations. The findings in the present study aligned
with results from studies applying traditional methods, for which two
examples are highlighted here. In the case of C. gracilis and C. hemis-
phaerica, we find that C. gracilis forms a polyphyletic clade (Figure 8;
Figure 510) and therefore contend this species consists of a species
complex in accordance with Cunha et al. (2017) and Govindarajan
et al. (2006). For O. fragilis, Pérez-Portela et al. (2013) suggested the
existence of two distinct lineages separated by genetic distances of
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at least 15.8% (p distances). Lineage | was observed almost exclu-
sively in the Atlantic Ocean and lineage Il in the Mediterranean Sea,
except for one sequence from lineage | collected in Blanes, Spain
(BLA1; Figure 7). However, when sequences were trimmed to 313 bp
and collapsed, the lineage | sequence BLA1 clustered with lineage
Il haplotypes. Upon further inspection, any distinction between
the two lineages disappeared when using the shorter sequence
(Figure S7). As such, this COI fragment failed to detect significant
population structure within O. fragilis and highlights target gene lim-
itations. Haplotype networks combining data from the current and
comparable studies for Eualus spp. and Platynereis spp. are available
in Appendix S2 (Figures S5 and S6).

4.5 | Method limitations

The mismatch between morphological and metabarcoding records
and the presence of extreme outliers in nucleotide diversity suggest
that the metabarcoding methods may fail to detect, or mislabel, cer-
tain species. For example, our data contain some unlikely taxonomic
assignments, such as the demosponge Strongylacidon bermuda. This
species was the most abundant demosponge across samples but
has previously only been recorded in North America (de Voogd
et al., 2022). Unless this is a recently introduced and highly success-
ful non-indigenous species, which we consider unlikely, its presence
in our dataset is almost certainly some form of error. In this case, the
error is likely due to incomplete public databases, which is a common
issue in DNA metabarcoding (Mugnai et al., 2021). In our study, it is
exemplified by the small proportion of metazoan haplotypes that re-
ceived taxonomic assignment at species level (less than 10%) despite
using the BOLD database. In addition, for the species we identified,
we find very limited sequence data from the Mediterranean region
for comparisons in GenBank, which further highlights the regional
discrepancy in database coverage.

Intraspecific studies involving data from ARMS will have some
inherent differences from traditional approaches. ARMS units
provide a snapshot of diversity, capturing only those species that
settle onto the plates during the deployment period. This design
could potentially lead to undersampling of species diversity, which
may affect the overall assessment of community composition. On
the other hand, haplotype diversity refers to the genetic variation
within species or populations. The observed haplotype patterns
in our study may be influenced by factors such as natural popula-
tion structure, selection pressures and study design, rather than
solely undersampling. The single haplotypes observed for many
species could reflect the true genetic structure of these popula-
tions. By recognizing the difference between these two aspects of
diversity, we can better interpret our study results and understand
the potential limitations associated with the ARMS units and the
chosen molecular techniques. Future studies should consider in-
corporating additional sampling methods and strategies to capture
a more comprehensive representation of both species and haplo-
type diversity.
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Furthermore, metabarcoding approaches include bulk samples,
in this case, material scraped from plates, and the sample compo-
sition can affect the outcome. In the present study, we excluded
macrophyte taxa during analysis following our research objective,
despite rhodophytes constituting a significant portion of the bio-
mass. Biomass-dominant taxa can affect the read abundances of
both rarer and smaller organisms, and therefore limit the probability
of their detection (Elbrecht et al., 2017; Leray & Knowlton, 2015).
Subdividing scraped material by size fraction may, therefore, be
useful for future studies when not all target organisms constitute a
considerable proportion of the biomass (Wangensteen et al., 2018).
Lastly, any bioinformatic pipeline will have trade-offs when at-
tempting to remove erroneous haplotypes from the dataset. For the
present study, we chose a stringent filtering approach which almost
certainly excludes rare species or haplotypes and therefore pre-
vents more in-depth analysis such as demographic inferences (Shum
& Palumbi, 2021). Incorporating positive controls with intraspecific
variation in the experimental design would also be beneficial for
pipeline development, which was not the case with the current data-
set. As such, both bioinformatics methods and study design should
be chosen carefully depending on the research objectives moving

forward.

5 | CONCLUSION

In this study, we recover haplotype information for hundreds of
Mediterranean marine invertebrate species simultaneously. This
was achieved by implementing COl-based metabarcoding on
ARMS deployed in coastal marine ecosystems. Our haplotype
findings overlap with comparable published studies using single-
species population genetic methods. In general, we find low in-
traspecific diversity across several invertebrate classes in the
three study locations in the central Mediterranean Sea. However,
we also identify species with high diversity that warrant further
investigation regarding potential crypticity and population struc-
ture. In addition, we highlight the presence of unique haplotypes
at all spatial scales for almost all classes studied, indicating small-
scale genetic variability within the invertebrate species presented
here. We demonstrate DNA metabarcoding as an important tool
to generate intraspecific genetic information, yet emphasize the
limitations of these methods, as they rely on taxonomic accuracy
in barcode reference databases. The approach presented here
greatly enhances DNA metabarcoding methods to reveal interspe-
cific COl variation both within and between ARMS units. This has
the potential to strengthen species monitoring across vast scales
that help track geographical range shifts and climate-related im-
pacts on biodiversity.
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