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Abstract: Understanding the ecological dynamics of zooplankton communities is crucial to precisely
assessing the health of marine ecosystems and their management. Metabarcoding has contributed
to a better understanding of biodiversity in marine environments. However, this methodology still
requires protocol optimisation. Here, we used a complementary approach combining molecular
and morphological identification methods to identify the zooplankton community inhabiting the
Berlengas Archipelago, Portugal. The presence of non-indigenous species was also assessed. The
results showed that the metabarcoding approach outperformed the classical morphological identifi-
cation method, detecting more species with higher resolution. Nevertheless, the classical method
was able to identify species that were not detected by the molecular approaches, probably due to
a lack of reference data in the databases. The comparison between different molecular approaches
showed that COI and bulk DNA gave better results than 18S rRNA and eDNA by detecting higher
species diversity. However, complementarities were observed between them. Molecular tools also
proved effective in identifying several potential non-indigenous species, identifying, for the first
time, several potentially unreported NIS inhabiting the Portuguese marine ecosystems. Overall, our
results confirmed the importance of combining both classical and molecular methods to obtain a
more refined assessment of the zooplanktonic communities in marine environments.

Keywords: community assessment; complementarity; metabarcoding; eDNA; community DNA;
non-indigenous species

1. Introduction

Marine zooplankton, comprising a wide variety of species, plays a central role in
the maintenance of marine ecosystems [1,2]. Acting as both regulators of the biological
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pump and contributors to global biogeochemical cycles, these organisms exert a profound
influence on aquatic food webs and, consequently, on fisheries dynamics [1–6].

Beyond their ecological importance, the sensitivity of zooplankton to environmental
variables [7–12] and their ubiquitous distribution, have made them valuable bioindicators
for assessing the health of marine ecosystems [13–15]. This recognition positions zooplank-
ton communities as valuable components among the Biological Quality Elements (BQE),
in accordance with the European Water Framework Directive (WFD) [16], as well as the
European Marine Strategy Framework Directive (EU-MSFD) [17].

Despite their ecological importance, the diversity of zooplankton species in the marine
environment is not fully known. It has been estimated that approximately 1600 holo-
planktonic species remain to be discovered or described [18,19]. This estimate increases to
28,000 when meroplankton is considered [18]. Therefore, the study and characterisation of
zooplankton using classical taxonomy methods, as well as molecular tools, is of paramount
importance in unravelling the intricacies of these undiscovered communities [20,21].

Morphological identification has been the main approach used to characterise zoo-
plankton [16,21,22]. Typically, these identifications are made by ecologically oriented
biologists, but their often-limited taxonomic expertise can make it difficult to achieve the
required accuracy and consistency in species assignment [23]. In addition, the complexity
of zooplankton diversity, the presence of cryptic and sibling species, and the larval stages
and phases of many species make their study even more difficult, jeopardising biodiversity
assessments and our understanding of zooplankton community dynamics [24–27].

DNA metabarcoding, a combination of DNA barcoding and Next-Generation Se-
quencing (NGS) technology, has proven highly effective in the identification of species and
characterisation of communities, including zooplankton [28–31]. The advantages of DNA
metabarcoding, such as increased sample processing capacity at a sustainable cost and
reduced time, together with the ability to identify cryptic and sibling species—difficult to
distinguish using morphological characteristics alone—and to identify species regardless
of their life cycle stage or phase [21], have provided a comprehensive understanding of
zooplankton biodiversity [32–36].

Although several mitochondrial and nuclear genes have been used in zooplankton
metabarcoding studies [6,13,24], cytochrome c oxidase subunit I (COI) and 18S ribosomal
RNA (18S rRNA) are the most frequently used [13,24], presenting different advantages. As
a mitochondrial gene, COI is the standard metazoan barcode gene due to its high copy
number, conserved regions, and rapid evolutionary rate, allowing high-resolution discrimi-
nation of closely related species [29]. In turn, the nuclear gene 18S rRNA, characterised by
hypervariable regions bounded by conserved primer-binding regions, shows divergence
patterns suitable for distinguishing invertebrate and vertebrate taxa, excelling in phyla for
which COI is not an effective marker, such as Porifera, Ctenophora, Appendicularia, and
Thaliacea [29,35,37–39].

Metabarcoding sequencing can be applied to DNA extracted from either bulk com-
munity environmental DNA (CeDNA) [40–42] or environmental DNA (eDNA) [23,43,44].
CeDNA, the first template in metabarcoding, has played a crucial role in exploring ecosys-
tem diversity by revealing the “hidden” species that remained unidentified by traditional
morphological methods [40,42,44]. In turn, eDNA has several advantages over CeDNA. It
is easy and quick to collect and is a non-invasive method that detects species in low abun-
dances [45–47], which are unlikely to be caught in net tows or detected by morphological
techniques [45–49].

However, the use of these genetic methods for ecological status assessment needs im-
provement, due to a lack of standardisation and harmonisation. Progress is also needed in the
determination of species abundance and the availability of more accurate reference barcode
databases [16,44]. Furthermore, unlike morphological methods, molecular tools are not able
to provide information on the life stage or phase and sex of zooplankton species [40,42,44],
which could be relevant information to include in certain management plans.
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As maritime traffic intensifies, holoplanktonic species, or species with a planktonic
phase or stage, are more likely to be transported out of their native habitat by ballast water
or biofouling, which can alter their distribution and cause a range of ecological and socio-
economic problems [50–52]. The capabilities of molecular tools, such as their sensitivity
to detect low-abundance species, have improved the detection of non-indigenous species
(NIS), thereby aiding their management [53–55].

The main objectives of this study were as follows: (i) to assess the diversity of the
zooplanktonic community using an integrative approach including eDNA and bulk-sample
metabarcoding, along with classical morphological identification; (ii) to compare species re-
covery rates between the genetic markers mitochondrial COI and 18 rRNA and morphology;
and (iii) to reveal hidden species diversity, including NIS. Our primary finding indicates
that COI and CeDNA emerged as the most effective approaches, detecting a higher number
of species. However, remarkable complementarity between classical (morphological) and
molecular approaches was also observed, highlighting the value of integrating different
methods for a more comprehensive understanding of zooplankton communities.

2. Materials and Methods
2.1. Sampling Methodology

Zooplankton sampling was carried out twice a year at the same station (39◦25′ N,
9◦31′ W) within the Berlengas Biosphere Reserve (UNESCO), Portugal, on 16 June (B04)
and 23 September 2020 (B05), and on 26 June (B09) and 11 August 2021 (B10; Figure 1). The
four bulk zooplankton samples were used for morphological identification and metabar-
coding analysis.
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Figure 1. Geographical location of the sampling station in the Berlengas Biosphere Reserve (UNESCO).
Figure created in QGIS (version: 3.28.3-Firenze). Adapted from [56].

At the same time, two litres of seawater were collected from the surface using sterile
bottles for subsequent eDNA metabarcoding. At the laboratory, the collected seawater was
filtered through a 0.2 µm membrane filter (Whatman, Maidstone, UK) using a vacuum
pump and a sterilised filter cup. One litre of water was filtered in each filter, and the filters
were stored at −80 ◦C until DNA extraction was carried out. A litre of sterilised water was
also filtered and used as a negative control (NC).

2.2. Morphological Identification of Zooplankton Community

Zooplankton samples were collected vertically with a 57 cm diameter WP2 net (mesh
size: 200 µm) from near the bottom, approximately 40 m depth, to the surface at each
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station during the day. The net was retrieved at a speed of~0.4 m s−1 and fitted with
a flowmeter (General Oceanics, model 2030 RC, Miami, FL, USA), which was used to
measure the volume of water filtered (average of 20 m3). Two net hauls were taken at each
of the four sampling events. One sample was preserved in 4% neutral formalin prepared
with seawater for morphological identification, and the second was immediately preserved
in 96% ethanol and stored at −20 ◦C until DNA extraction.

In the laboratory, large (>1000 µm) and rare organisms were separated from the
formalin-preserved samples, morphologically identified, and counted. The remaining sam-
ple was then subsampled using a Folsom Plankton Splitter until 300–500 individuals were
obtained per fraction. All specimens in this subsample were morphologically identified to
the lowest taxonomic level possible and counted under a stereomicroscope (Leica, S8APO,
Wetzlar, Germany). Zooplankton abundance (ind m−3) was calculated from the volume of
water filtered.

2.3. DNA Extraction from Zooplankton Communities (CeDNA)

Each bulk sample was collected using nets according to the method described in
Section 2.2. All handling materials were previously sterilised with 1% bleach and washed
with Milli-Q water to avoid contamination. Total DNA was then extracted from each
sample through the following steps: absolute ethanol was added to each sample up to a
volume of 200 mL (including ethanol used for preservation), and the solution was blended
and divided into four Falcon tubes. Each subsample was centrifuged (Eppendorf, Germany)
at 4 ◦C for 10 min at 10,000 rpm, and 1 mL of the pellet was collected and centrifuged and
the supernatant discarded. This pellet was dried at 50 ◦C for 5–10 min to remove excess
ethanol. The dried pellets were then manually crushed using liquid nitrogen, and the tissue
DNA extraction protocol of the Blood and Tissue Qiagen Kit (Qiagen, Hilden, Germany)
was followed according to the manufacturer’s instructions.

2.4. Environmental DNA Extraction from Water Samples (eDNA)

DNA extraction was performed using an adapted protocol from the manufacturer of
the Qiagen Blood and Tissue kit. Using a sterilised scalpel blade, the filter was cut into
thin strips 1 mm wide and 1 cm long, which were then placed in a Falcon tube. Then,
960 µL ATL (Qiagen kit buffer, Hilden, Germany) and 40 µL proteinase K were added,
and the solution was vortexed and incubated at 56 ◦C for 2 h. The solution was manually
homogenised every 10 min. Then, 1 mL absolute ethanol and 1 mL AL (Qiagen kit buffer)
were added, and the solution was homogenised and transferred to the columns. The next
steps were performed according to the original protocol.

2.5. Metabarcoding Procedure

The integrity of the extracted CeDNA and eDNA was then assessed by agarose gel elec-
trophoresis, and their concentrations quantified using a Qubit fluorometer (Thermofisher
Scientific, Waltham, MA, USA). Prior to sequencing, PCR was performed to verify the
amplification of the selected fragments of the COI and 18S rRNA genes, using the follow-
ing sets of primers: for COI, the forward primer mlCOIintF [57] and the reverse primer
HCO2198 (313 base pair bp) [58], and for 18S rRNA, the forward primer 18S-F04 and the
reverse primer 18S-R22 (V1–V2 region, 365 bp) [59,60]. eDNA extracted from NC was also
tested for each primer pair.

After confirmed the presence of the respective DNA fragments, the extracted CeDNA
and eDNA samples were sent to STABVIDA to be sequenced (Costa da Caparica, Portugal).
The generated DNA fragments (DNA libraries) were sequenced with MiSeq Reagent Kit
v3 (Illumina, San Diego, CA, USA) on the Illumina MiSeq platform, using 2 × 300 bp
paired-end sequencing reads. The standard protocol 16S Metagenomic Sequencing Library
Preparation of Illumina was applied, with the following adapted conditions on the first
PCR: for COI, 95 ◦C for 3 min, 10 cycles of 95 ◦C for 30 s, 57 ◦C–47 ◦C for 30 s, 72 ◦C for 40 s,
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29 cycles of 95 ◦C for 30 s, 47 ◦C for 30 s, 72 ◦C for 40 s, and 72 ◦C for 4 min; for 18S rRNA,
95 ◦C for 3 min, 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s, and 72 ◦C for 5 min.

2.6. Bioinformatic Analysis of Metabarcoding Data

The raw NGS data were processed and analysed through the QIIME 2 platform
(version 2022.2), following the guide of the “QIIME2docs” official website [61,62]. The
imported raw data were denoised (with a minimum quality of ≥30) and merged using the
DADA2 plugin, excluding singletons. Taxonomic assignment was performed using the
“classify-consensus-blast” function of QIIME2.

For taxonomic assignment, different percentages of identification were used due to
the level of confidence offered by each gene at the species level, and different databases
were used as references (summary on Table 1). The databases used for the analysis of
COI data were the National Center for Biotechnology Information (NCBI), the Barcode
of Life Data System (BOLD), and BOLDigger (a Python package from BOLD [63]), with
a percentage of identity of ≥ 97% at the species level. The NCBI and BOLD reference
databases were downloaded for use in QIIME’s blast. The COI reference database from
NCBI was downloaded using the Entrez Direct tool from NCBI, using as part of the
script “-query “COI” efilter -query “NOT Bacteria NOT environmental NOT viruses NOT
unclassified””, and the taxonomy file was obtained using the script “Entrez_qiime_py” [64],
while the COI reference database of BOLD was downloaded following the R software script
“COIdatabases” available on the GitHub platform, as described by Devon O’rourke and
Benjamin Kaehler [65].

Table 1. A summary of the methodology used for the taxonomic assignment of COI and 18S rRNA
metabarcoding ASVs, from the databases used and the corresponding download to the taxonomic
classification.

COI 18S rRNA

Percentage of identification
(species level) ≥97% ≥99%

Databases used for taxonomic
classification

NCBI
BOLD
BOLDigger (software)

NCBI
SILVA

Database
download

NCBI (downloaded for use in QIIME’s
blast):

- Entrez Direct tool from NCBI
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to sequence length, the download process was performed for different taxon groups. An
example of the script used for the download was “txid6340[ORGN] AND (18S rRNA
OR 18S ribosomal RNA OR small subunit ribosomal RNA) NOT environmental sample
[Title] NOT environmental samples [Title] NOT environmental [Title] NOT uncultured
[Title] NOT unclassified [Title] NOT unidentified [Title] NOT unverified [Title]”. The
generated fasta files were merged and the taxonomy file was obtained using the script
“Entrez_qiime_py” [64].

Whenever the taxonomic classification of the databases did not agree at the species
level, both proposals were accepted, but separated by a backslash, or verified using the
Basic Local Alignment Search Tool (BLAST) in NCBI. For 18S rRNA, careful taxonomic as-
signment analysis was performed using BLAST in NCBI, especially when certain Amplicon
Sequence Variant(s) (ASV(s)) showed multiple assignments at 99% similarity. In such cases,
BLAST parameters such as Sequence Coverage, Q-score, and Total Score were used together
with the biogeography of the assigned species. In order to use 18S rRNA for NIS detec-
tion, it was essential to employ a combination of BLAST parameters, in conjunction with
biogeography, to restrict and refine the numerous assignments at 99% similarity. The afore-
mentioned methodology proved invaluable in achieving the most plausible classification,
given that in some ASVs, there were upwards of five potential classifications.

To check for species overlap, Venn diagrams were constructed using the R package
“ggVenDiagram” ((version 1.2.3) [66]). For a correct and comparable analysis, organisms
were only included if they corresponded at each taxonomy level (e.g., organisms classified
only at the class level were only included in the analysis up to the class level and excluded
at lower levels). At the species level, species of unclassified organisms (“sp.”) were not
included. After taxonomic assignment, organisms belonging to fungi, phytoplankton,
non-marine organisms, and unassigned ASVs were systematically removed.

2.7. Statistical Analysis

For biodiversity and statistical analysis, both ASV tables obtained from QIIME 2 were
rarefied (random subsampling) separately through the “rarefy” function of the “vegan” R
package (version 2.6-4; [67]), and merged manually at the species level. Alpha-diversity
was determined by the Shannon and species richness indices, using the “diversity” func-
tion of the “vegan” R package (version 2.6-4, [67]). A Tukey test was used to assess
the statistical significance of alpha-diversity using the IPSUR plugin for R Commander
(version 0.2-1.1, [68]). The Bray–Curtis dissimilarity index and NMDS were applied to as-
sess beta-diversity using the “vegdist” (to generate a dissimilarity matrix) and “metaMDS”
(to perform Nonmetric Multidimensional Scaling—NMDS) functions of the “vegan” R
package (version 2.6-4, [67]), respectively. The “adonis2” and “betadisper” functions of the
vegan R package were used to assess statistical significance between groups of samples
(COI vs. 8S rRNA and eDNA vs. CeDNA) and between samples within each group, respec-
tively (version 2.6-4, [67]). As a complement to beta-diversity, an Indicator Species Analysis
statistical test was conducted using the R package “indicspecies” (version 1.7.12, [69])
to indicate the species responsible for the differences between the COI and 18S rRNA
communities. Only the most significant species are shown.

2.8. Non-Indigenous Species (NIS) Detection

For NIS detection, two comparative approaches were used. The first approach was
checking the species identified in this study using molecular and morphological approaches
in AquaNIS—the online information system on aquatic non-indigenous species [70]—to as-
sess which NIS reported for the Portuguese coast and surrounding coastlines were detected
in this study. The second approach was based on consulting the following databases to
check the species’ known distribution: the World Register of Marine Species [71], the Ocean
Biodiversity Information System (OBIS), and Biodiversity of Marine Planktonic Copepods
(BMPC) [72]. In this case, the goal was to assess unreported NIS probably present on the
Portuguese coast.
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3. Results
3.1. Zooplankton Species Identification

The approaches used in this study showed different efficiencies in species detection
(Table 1). Morphological methods identified 38 species, whereas molecular approaches
identified 267 species. Of these 267 species, 234 were identified by COI, 97 by 18S rRNA,
105 by eDNA, and 271 by CeDNA, with many species only detected by one approach
(Table 2; Supplementary Table S1).

Table 2. Number of reads and ASVs throughout bioinformatic filtering, and number of species
identified by genetic markers, DNA source, and morphological method.

Marker Genes DNA Sources
Morphological

Totals COI 18S rRNA eDNA CeDNA

Total input reads 1,012,606 1,049,204 1,100,781 961,029 ---
Total non-chimeric reads 749,150 648,605 796,070 601,685 ---
Number of total ASVs 2392 1585 3021 1211 ---
Total reads (filtered taxa) 316,428 368,787 324,183 361,032 ---
Number of ASVs (filtered taxa) 536 166 154 590 ---
Number of classes identified (filtered taxa) 20 20 22 26 14
Number of genera identified (filtered taxa) 170 85 68 193 30
Number of species identified (filtered taxa) 234 97 105 271 38
Species only retrieved by the approach 172 56 26 181 8

Regarding the NGS data, the number of reads was similar for both studied genes
(Table 2), although 18S rRNA showed a slightly higher number of input reads (1,049,204)
compared to COI (1,012,606). However, after sequence filtering, this trend was reversed,
resulting in more COI ASVs (2392 versus 1585 from 18S rRNA). The same trend persisted
for the number of ASVs after taxa filtering, despite higher total 18S rRNA reads. This
difference in the number of ASVs, together with the number of taxa identified, underlines
the greater ability of COI to discriminate species compared to 18S rRNA, resulting in higher
number of species detected by COI. Since the PCRs of NC for COI and 18S rRNA were
negative, they were not sequenced.

A comparison of the results provided by the two DNA sources revealed a notable
disparity in the total input reads (Table 2), with eDNA input reads (1,100,781) showing
a higher number than CeDNA (961,029). This difference persisted through the filtering
process to taxa filtering. A greater number of reads, ASVs, and species were identified for
CeDNA (361,032, 590, and 271, respectively). This difference in the number of reads was
due to the fact that a significant number of the eDNA reads corresponded to phytoplank-
tonic organisms.

Despite the lower number of species identified by 18S rRNA and eDNA, both were able to
detect and identify species that COI and CeDNA could not (Figure 2(B1,B2);
Supplementary Table S1). Focusing on the class level (Figure 2(A1,A2)), the results pro-
vided by the two marker genes and DNA sources were also different. Specifically, the
classes Tentaculata, Scyphozoa, Calcarea, and Anthozoa were detected exclusively by the
18S rRNA gene, whereas Sipuncula, Ophiuroidea, Gymnolaemata, and Cephalopoda (An-
nelida, Echinodermata, Bryozoa, and Mollusca phyla, respectively) were detected exclu-
sively by the COI gene (Figure 2(A1); Supplementary Table S1). In terms of DNA sources
(Figure 2(A2)), the classes Scyphozoa and Cephalopoda were detected only by eDNA, whereas
Tentaculata, Sipuncula, Gymnolaemata, and Calcarea were detected only by CeDNA.

The morphological analysis identified the lowest number of classes (Figure 2(A1,A2))
and species (Figure 2(B1,B2)) compared to the molecular approaches. Nevertheless, eight
species were only detected by the morphological approach (Figure 2(B1,B2); Supplementary
Table S1), demonstrating that currently, not all zooplankton species can be detected by
molecular approaches, due to several reasons, such as the incompleteness of databases.
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Figure 2. These Venn diagrams illustrate the number of classes (plots As) and species (plots Bs) that
were detected simultaneously or exclusively by the various approaches analysed. Two comparisons
were conducted: genes (COI and 18S rRNA) with morphology at the class level (A1) and species level
(B1), and DNA sources (eDNA and CeDNA) with morphology at the class level (A2) and species
level (B2). This figure was created using the R package “ggVenDiagram”. Adapted from [65].

The bar plots in Figure 3 show that COI and CeDNA identified a greater number of
classes/species than 18S rRNA and eDNA (larger grey area on COI and CeDNA bars).
The most abundant species detected by both genes differed, with only 2 out of 24 species,
Paracalanus parvus (Claus, 1863) and Eualus cranchii (Leach, 1817), being recovered by both
genes. Copepods were one of the most represented taxa in these results, with only P. parvus
being recovered by both genes. Another difference between the two genes was a higher
ability of 18S rRNA to detect the class Hydrozoa.

Some classes and species were detected differently depending on the DNA source. For
example, Ascidiacea (Ascidia ahodori (Oka, 1927)), Hydrozoa (Liriope tetraphylla (Chamisso
& Eysenhardt, 1821)), and unclassified classes of the Porifera phylum were detected by
eDNA, whereas Malacostraca (E. cranchii (Leach, 1817)), Bivalvia, and Gastropoda were
detected by CeDNA.

In the morphological data, classes detected by this method were generally detected
by the molecular approaches (Figure 2(A1) and Figure 3(A3)). At the species level, some
taxa were classified only at the genus level, indicating difficulties in classifying some taxa
(Figure 3(B3)). Despite these difficulties, this method was able to identify species not
detected by the molecular approaches, such as Centropages chierchiae (Giesbrecht, 1889)
(Figure 3(B3)).
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Figure 3. The relative abundance (%) of the twelve most abundant taxa identified through the various
approaches (eDNA, CeDNA, and morphology), presented at the taxonomic levels of class (plots As)
and species (plots Bs). The relative abundance of these taxa is also shown by the genes COI (A1,B1)
and 18S rRNA (A2,B2), as well as by morphology (A3,B3). In (A3), only eight classes are present, as
no further classes were identified. Figures created in R studio (2023.09.0+463). Adapted from [73].

3.2. Alpha- and Beta-Diversity

Prior to any ecological analysis, the data were rarefied to a depth of 13,219 and
29,183 sequences for the COI and 18S rRNA genes, respectively. Only three 18S rRNA
samples were analysed for alpha- and beta-diversity due to the low sequencing depth of
the BE09 sample, in order to include as many ASVs as possible in the remaining samples.

The alpha-diversity metrics showed that the combination of CeDNA-COI allowed the
detection of the greatest number of species (Figure 4A), while CeDNA-18S had a higher
median value than eDNA-COI and eDNA-18S samples, indicating a higher number of
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species. CeDNA-COI had the highest Shannon index (Figure 4B), showing a higher species
diversity and evenness of species abundance compared to the CeDNA-18S, eDNA-COI,
and eDNA-18S samples. Although not statistically significant, eDNA-COI had a higher
median value than eDNA-18S rRNA and CeDNA-18S rRNA, indicating higher species
richness (Figure 4B). Therefore, COI and CeDNA were the molecular approaches with the
highest alpha-diversity indexes.
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Figure 4. Ecological indexes to assess the richness (number of species observed, plot (A)) and
diversity (Shannon index, Plot (B)) as alpha-diversity metrics, and the dissimilarity of the zooplankton
communities (Bray–Curtis, Plot (C)), detected by the different molecular approaches for DNA sources
and genes. To complement the Bray–Curtis analysis, the species responsible for such dissimilarity
between genes were determined using the R package “indicspecies”. (A,B) Tukey test, * p < 0.05;
(C) adonis and betadisper statistical tests; (D) indicspecies, * p < 0.05 (only species with higher
significance). These figures were created in R studio. Adapted from [73].

Beta-diversity analysis using the Bray–Curtis index showed that species diversity
was similar between eDNA-COI and CeDNA-COI, and the same pattern was observed
for eDNA-18S and CeDNA-18S (Figure 4C). This shows that species diversity did not
differ significantly between DNA sources. However, when the molecular markers were
compared, each gene formed a distinct cluster, meaning that species diversity detected
by 18S rRNA was statistically different from COI. This difference was explained by an
indicspecies test (Figure 4D, which showed that Centropages typicus (Krøyer, 1849) and
Paracalanus quasimodo (Bowman, 1971) were two of the main contributors (Supplementary
Table S2), represented as the most abundant (number of reads) by one of the genes, 18S
rRNA and COI, respectively (Figure 3(B1,B2)).
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3.3. Non-Indigenous Species (NIS) Detection

Based on cross-referencing the species obtained in this study with various lists from
the AquaNIS database, 10 of the taxa detected in this work can be classified as NIS. Four out
of the ten have already been reported to occur on the continental coast of Portugal, includ-
ing Acartia (Acanthacartia) tonsa (Dana, 1849) (Copepoda), Amphibalanus improvisus
(Darwin, 1854) (Cirripedia), Austrominius modestus (Darwin, 1854) (Amphipoda), and Bal-
anus trigonus (Darwin, 1854) (Cirripedia) (Table 3). However, six species classified as NIS
on the continental coast of Spain (Mediterranean and Atlantic coasts), in the Macaronesia
region, in the Northeast Atlantic Ocean (from the Gulf of Biscay in France to Russia), in the
Mediterranean, and in the Black Sea which have not been reported so far on the Portuguese
mainland coast, were detected in this study, suggesting that they may have arrived in
Portugal (Table 3). Of these 10 species, only Oithona plumifera (Baird, 1843) was identified
through the morphological approach, while the remaining species were only detected by
the molecular approach.

Table 3. Crossing of NIS detected by molecular and classical approaches with AquaNIS lists from
continental Portugal, continental Spain, Macaronesia (Maca), Northeast Atlantic (excluding Portugal,
Spain, and Mediterranean and Black Seas), and Mediterranean and Black Seas (excluding Spain).
R-species reported in AquaNIS.

Taxa AquaNIS
Portugal

AquaNIS
Spain

AquaNIS
Maca

AquaNIS
NE Atlantic

AquaNIS
Medi-Blac Seas Native Region

Copepoda

Acartia (Acanthacartia) tonsa
(Dana, 1849) R R - R R Indian and

Pacific Oceans

Oithona plumifera (Baird, 1843) - - - R R Pacific Ocean

Clausocalanus arcuicornis
arcuicornis (Dana, 1849) - - - - R

Circum-global
tropical and
subtropical

Cirripedia

Amphibalanus improvisus
(Darwin, 1854) R R R R R NW Atlantic

Austrominius modestus (Darwin,
1854) R R R R R Pacific Ocean

Balanus trigonus (Darwin, 1854) R R R R R Indo-Pacific
Oceans

Branchiopoda

Penilia avirostris (Dana, 1849) - - - R R Asia, New
Zealand

Ascidiacea

Ecteinascidia turbinata (Herdman,
1880) - - - R R NW Atlantic

Ocean

Perophora japonica (Oka, 1927) - R - R - NW Pacific
Ocean

Hydrozoa

Ectopleura crocea (Agassiz, 1862) - - R - - Atlantic coast of
North America

In addition to the species classified as NIS using the AquaNIS lists (Table 3), 35 other
potential NIS were detected after cross-checking their known native distribution on several
databases, as described in the Materials and Methods, and scientific publications (Table 4
and Supplementary Table S3). Of these potential NIS, detected by molecular methods, the
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classes with a greater number of species were Copepoda (13 species, 37%) and Gastropoda
(7 species, 20%), while the classes with more reads were Copepoda (156,059) and Polychaeta
(4897) (Supplementary Table S3). The copepod species with higher number of reads was
Paracalanus quasimodo, which, according to the WoRMS, OBIS, and BMPC databases, does
not occur along the Portuguese coast.

Table 4. A list of the 10 most abundant potential NIS, verified based on their known native distribution.
The remaining potential species are listed in Supplementary Table S3.

List of 10 Most Abundant Potential NIS Total Number of
Reads Gene Native Region

Paracalanus quasimodo (Bowman, 1971) 119669 COI Gulf of Mexico

Paracalanus indicus (Wolfenden, 1905) 22447 COI Tropical and subtropical
waters

Oncaea waldemari (Bersano & Boxshall, 1996) 6054 COI Southern Brazil

Calanoides acutus (Giesbrecht, 1902) 4217 18S rRNA Antarctic Ocean

Oncaea scottodicarloi (Heron & Bradford-Grieve, 1995) 1284 COI Pacific Ocean

Ascidia ahodori (Oka, 1927) 1273 COI Northwest Pacific

Subeucalanus subtenuis (Giesbrecht, 1888) 1241 18S rRNA Circum-global tropical and
subtropical waters

Ectopleura dumortierii (Van Beneden, 1844) 1132 COI
Mediterranean Sea, northeast

(France and UK) and
northwest Atlantic

Nyctiphanes simplex (Hansen, 1911) 1051 18S rRNA North and equatorial Pacific

Temora stylifera (Dana, 1849) 518 COI Western Pacific and Western
Central Atlantic

4. Discussion
4.1. Databases’ Influence and Complementarity Between COI and 18S rRNA

Among the genes studied, COI showed better results than 18S rRNA, detecting more
ASVs (536 for COI, 166 for 18S rRNA) and identifying a greater number of species (234 for
COI, 97 for 18S rRNA) (Table 2). This performance is further evidenced by the Venn
diagrams (Figure 2(B2)) as well as the higher alpha-diversity indices observed for COI
compared to 18S rRNA (Figure 4A,B). One possible explanation for the observed differences
is that mitochondrial DNA is more abundant within cell organisms than nuclear DNA [29],
making it more detectable in the marine environment. This high detectability increases the
likelihood of capturing a wider range of species, including those that are less abundant or
considered rare.

The variable number of sequences of each gene published in databases could also
explain the results obtained. As COI is often successful in discriminating genetic differentia-
tion in terms of both intra- and interspecific divergence [74], and presents conserved regions
that allow us to design conserved primers for a large spectrum of metazoan phyla [58]
despite some re-designing for specific groups [75,76], it has become a gold standard gene
marker [77]. Thus, the amount of metazoan data available in public databases is signifi-
cantly higher for COI than for 18S rRNA [29,35], increasing the probability of matching
metabarcoding sequences. Currently, the NCBI and BOLD databases contain approximately
3,000,000 and 700,000 available COI sequences, respectively, while the NCBI and SILVA
databases contain approximately 150,000 and 50,000 18S rRNA available sequences, respec-
tively. To improve species recovery, this study used two databases for each gene, rather
than a single database per gene, as is common in this type of study [23,35,39,40,43,78,79].

In addition to the number of sequences available, the completeness of the databases
and the morphological similarity of the species can also influence the taxonomic classi-
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fication of ASVs. For example, C. typicus was only detected by molecular methods, and
according to the OBIS, WoRMS, and BMPC databases, this species occurs on the conti-
nental coast of Portugal. However, instead of C. typicus, the species has always been
morphologically identified as Centropages chierchiae in this region. Despite the lack of
existence of 18S rRNA sequences for C. chierchiae, the observed incongruence could not
be a consequence of the incompleteness of the databases, because both genes matched
C. typicus with 99% similarity or higher. Similar situations have occurred in previous
studies for other organisms [23,33–35,80], demonstrating the importance of continuously
updating and ensuring the accuracy of public databases in collaboration with taxonomists
to overcome this lack of data [23,33,35,80–82], or constructing specific geographic sequence
databases [21,29,42]. Therefore, the most probable explanation for this incongruence can
be the morphological misidentification of the two species, due to their similarity [83],
suggesting a cryptic species complex for C. typicus and C. chierchiae, requiring further
clarification studies.

The genes selected and their affinity to the organisms studied can also influence the
results. A significant number of ASVs were excluded from the 18S rRNA classification
because the matches were phytoplanktonic organisms (~44%), a result consistent with
several authors (e.g., [38,84,85]). Another difficulty was the lack of species-level resolution
of 18S rRNA, so a higher BLAST similarity percentage was used, although some taxa were
still undifferentiated, such as Pleuromamma abdominalis and Pleuromamma robusta. While
on average, the 18S rRNA gene was less effective than COI, it complemented the data by
detecting taxa not depicted by the COI [33,38,39], including some copepods such as the
genus Pleuromamma and the species Calanoides acutus. In addition to copepod species, the
18S rRNA gene was also very useful to complement the lack of compatibility of COI with
some phyla, detecting taxa from Ctenophora, Cnidaria, and Porifera. As generally accepted,
the COI gene is unable to detect or identify the lowest taxonomic levels of some of these
taxa [29,33,35,39]. This complementarity between genes demonstrated the advantage of
using two gene markers [23,34,38,39] to characterise zooplankton communities. The use of
a third gene has also been proposed [23,80], such as 12S rRNA for the selective detection
of vertebrates [86,87], 16S rRNA for a better resolution of Cnidaria and Copepoda [88–90],
and internal transcribed spacer (ITS) for Ctenophora [91]. It could therefore contribute to
more comprehensive characterisation of zooplanktonic communities.

4.2. Complementarity Between DNA Sources and Optimisation of the eDNA Approach

Over the last decade, eDNA has emerged as another source of DNA that can provide
information on the diversity of marine communities, as it is a simple and non-invasive
sampling method. In this study, the use of eDNA accounted for the detection of only
one-third of the species when compared to the use of CeDNA (Table 1). To our knowledge,
only two studies have focused on the comparison between bulk and eDNA metabarcoding
of zooplankton samples [23,79], and the results obtained in these studies are not consistent.
While Djurhuus et al. (2018) [23] observed higher species richness in eDNA than in
CeDNA samples, Suter et al. (2021) observed higher richness in CeDNA than in eDNA. A
possible reason for the observed differences could be the volume of the samples used in
the two studies, and consequently, the eDNA concentration. The authors of Djurhuus et al.
(2018) [23] used 1 L of seawater in triplicate, while Suter et al. (2021) considered half
of the membrane to filter 2 L of seawater (technically 1 L), the same as in this study. In
addition, Suter et al. (2021) also found that the eDNA metabarcoding sequencing of larger
volumes of filtered seawater (~2200 L) detected approximately the same species richness as
bulk metabarcoding samples, highlighting the importance of analysing higher volumes of
water to obtain a more reliable representation of zooplankton communities. Given the fact
that higher volumes of water are logistically more difficult to process, Suter et al. (2021)
recommended the use of multiple small volumes.

Despite the small number of species identified in the eDNA samples, these results were
essential in complementing those from the CeDNA samples. Indeed, eDNA demonstrated
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its effectiveness in detecting planktonic or larval stages of benthic organisms such as Ascidia
ahodori and Porifera (3451 COI reads), which were detected in much lower abundance by
CeDNA (264 COI reads). This difference may be due to the source of the DNA molecules.
On the one hand, the higher abundance detected by eDNA could be due to the sum of
two sources of DNA, digestive remains from fish faeces that feed on these species [92–94],
and the organisms living in the water column in the planktonic phase or stage, as well as on
benthos. On the other hand, CeDNA only has the living organisms in the water column as
a source of DNA. Furthermore, this difference may also be related to the short planktonic
period of these organisms [95,96], which makes them more difficult to detect using CeDNA
than eDNA.

In addition, eDNA successfully identified pelagic organisms, specifically Oithona
similis, Oithona nana, and Muggiaea atlantica, that were not detected by CeDNA. In the case
of the genus Oithona, this could be due to the vertical distribution of the organisms [97,98],
while in the case of M. atlantica, it could be due to the fragility of the organisms during
net collection [99]. This highlights the nuanced and complementary nature of eDNA and
CeDNA in capturing different facets of the marine environment, and demonstrates their
distinct strengths in revealing the presence of specific taxa across different ecological niches
and life stages. One potential solution to the challenge of detecting species with diel
migration through eDNA is the collection of sea water samples at different depths, which
could help to circumvent this bias.

4.3. Benefits of Combining Classical and Molecular Approaches

Although the molecular approach offers clear advantages, reliance on morphology-
based identification remains essential. The use of both approaches provides a synergistic
framework that allows data to be cross-checked. This not only facilitates database refine-
ment, but also serves as a mechanism for correcting taxonomic classification using the
classical method, thereby increasing the robustness of both techniques. Despite the limita-
tions of the morphological approach, such as its reduced ability to detect cryptic species
complexes and organism life stages or phases, especially in the case of meroplankton, and
a comparatively lower number of species recovered by the morphological method, our
results highlight the importance of an integrative approach [34,35,80]. In addition, the
morphological method provides valuable supplementary information, including details
of the life stages [23,35,80,100] and abundance of organisms. Therefore, a comprehensive
understanding of zooplankton communities requires the simultaneous application of both
approaches [23,35,100], which not only increases the accuracy of taxonomic identification,
but also provides a more holistic perspective that enriches ecological studies of zooplankton
communities [34,43].

4.4. Detection of Non-Indigenous Species Through Metabarcoding Analysis

The identification and tracking of NIS are fundamental aspects of marine ecology
and conservation. The arrival and spread of NIS, enabled by shipping, particularly bal-
last waters [101], poses a significant threat to marine ecosystems worldwide [50,102,103].
Recognising the ecological and economic impacts of NIS introductions [50,51], researchers
are increasingly relying on advanced molecular techniques such as metabarcoding for their
efficient early detection [35,104]. In this study, molecular methods played a key role in
the identification of NIS on the continental coast of Portugal. Known NIS inhabiting the
Portuguese mainland were successfully detected, allowing a thorough assessment of their
presence (Table 3). Also, NIS that have not been reported on the Portuguese mainland
coast were detected through molecular methods (Tables 3 and 4), suggesting their presence,
warning that further studies are needed for confirmation.

One of the unreported species (Table 4), among other potential examples, was P.
quasimodo, native to the Gulf of Mexico. In the present study, it had the highest number
of reads using COI. The authors of Stefanni et al. (2018) [35] detected this species for the
first time in the Adriatic Sea using metabarcoding. However, according to the authors, it is
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likely that erroneous morphological and genetic identification with its congeners P. parvus
or P. indicus prevented the detection of P. quasimodo in the western Mediterranean and Black
Sea years earlier [35,72,105,106]. Therefore, it can be hypothesised that P. quasimodo and P.
indicus are currently inhabiting the Portuguese mainland coast, although morphological
identification is required to confirm the presence of both species. This finding highlights
the effectiveness of metabarcoding in not only verifying the presence of established NIS,
but also shedding light on new and potentially invasive species that might otherwise have
gone unnoticed.

5. Conclusions

In conclusion, the present study clearly shows that an integrative approach, by com-
bining metabarcoding with morphological identification, CeDNA with eDNA, and at least
two genetic markers, provides very useful complementarity, improving the evaluation
of ecological analyses that can be applied to the management of marine ecosystems and
marine fisheries, as well as to the detection of NIS. These findings highlight the multiple
benefits of integrating different approaches, ultimately establishing metabarcoding as a
powerful tool in the wider field of marine ecology and conservation. These results serve
to improve our understanding of the diversity and dynamics of marine species, while
providing vital information for informed decision making and proactive management
strategies in the marine environment.
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www.mdpi.com/article/10.3390/oceans5040046/s1, Supplementary Table S1—Excel file representing
species list obtained from Venn diagram results, with taxa identified only by each gene, DNA source,
morphology, and taxa in common between these approaches. Supplementary Table S2—Excel file
presenting all significant species using indicspecies test, with all taxa responsible for the divergence
in beta-diversity. Supplementary Table S3—Excel file with a list of all potential NISacording to their
native distribution, checked on several databases.
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