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Abstract: The use of molecular tools (DNA barcoding and metabarcoding) for the identification of
species and ecosystem biomonitoring is a promising innovative approach. The effectiveness of these
tools is, however, highly dependent on the reliability and coverage of the DNA sequence reference
libraries and it also depends on the identification of primer sets that work on the broadest range of taxa.
In this study, a gap analysis of available DNA barcodes in the international libraries was conducted
using the aquatic macroinvertebrate species checklist of the Apulia region in the southeast of Italy.
Our analyses show that 42% of the 1546 examined species do not have representative DNA barcodes
in the reference libraries, indicating the importance of working toward their completeness and
addressing this effort toward specific taxonomic groups. We also analyzed the DNA barcode reference
libraries for the primer set used to barcode species. Only for 52% of the examined barcoded species
were the primers reported, indicating the importance of uploading this information in the databases
for a more effective DNA barcode implementation effort and extensive use of the metabarcoding
method. In this paper, a new combination of primers has revealed its experimental effectiveness at
least on the species belonging to the three most represented taxa in the aquatic ecosystems of the
Apulia region, highlighting the opportunity to develop combinations of primers useful at the regional
level and the importance of studying DNA barcode gaps at the local/regional level. The DNA barcode
coverage also varies among different taxonomic groups and aquatic ecosystem types in which a large
number of species are rare. We tested the application of the DNA barcoding single species to a lagoon
ecosystem (the lagoon named “Acquatina di Frigole” in the Apulia region) and we sampled two
macroinvertebrate species lacking DNA barcodes from “Aquatina di Frigole” NATURA 2000 Site
IT9150003, Fabulina fabula and Tritia nitida, generated two new CO1 barcodes and added them to a
DNA barcode reference library.

Keywords: benthic macroinvertebrates; DNA barcode; sequence reference libraries; transitional
waters; ecological assessment; biomonitoring

1. Introduction

It is widely recognized that biodiversity in the world is in danger, with obvious decreases
each year. Anthropogenic influences are causing unprecedented changes to the rate of biodiversity
loss and, consequently, on ecosystem function [1]. The monitoring of biodiversity, as well as the
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analysis of occurrence and abundance of target taxonomic groups,is essential for evaluating the
health of ecosystems and environmental change in marine coastal waters, transitional waters and
freshwaters [2-5]. However, there is a lack of information regarding the biodiversity of the planet,
due to monitoring difficulties. The conservation of biodiversity relies on the monitoring of species and
populations in an effort to obtain distribution patterns and population size estimates [6].

Until now, the identification of species has been done with traditional visual methods, based
on dichotomous keys. Morphological surveys are very important for biodiversity monitoring but
present some disadvantages [7]. For instance, morphological identification keys are typically based on
recognizable adult features, and often do not enable identification of larval forms or early developmental
stages. The detection of larval stages has many advantages, like monitoring the establishment or spread
of invasive populations and identification of larvae of economically important, sensitive or tolerant
species, leading to an estimation of the habitat quality. Knowledge of basic life history attributes and
life stage-specific habitat use is critical, for example, for the protection of endangered species [8,9].
For many taxa, morphological identifications are possible only at limited taxonomic resolution, in some
cases restricted to the genus, family or ‘morphospecies’ level [10]. For example, the chironomids,
important macroinvertebrates of freshwater communities, are often treated at the family level of
Chironomidae in ecological studies or bioassessments given the difficulty in identifying specimens at
lower taxonomic levels of the genus or species [11]. Moreover, there are difficulties in the identification
of cryptic and rare species, as well as endangered ones. In recent years, there has been a scientific effort
to support morphological identification with genetic tools to address misidentification and inaccurate
assessment [12].

A very promising approach is the use of DNA barcoding and metabarcoding for the identification
of species and biodiversity assessment, combined with high-throughput DNA sequencing [13]. In DNA
barcoding, an individual sequence is taken and compared with entries in reference libraries in
order to match the organism to the species [14,15]. DNA metabarcoding can simultaneously identify
many species, hence limiting the time and cost of biodiversity estimation [15,16]. Metabarcoding
can detect taxa that traditional approaches fail to find. In the metabarcoding technique, the DNA is
extracted from a sample containing DNA from more than one organism/species and then individual
sequences are compared with entries in reference libraries [17,18]. Another very innovative method
is the environmental DNA (eDNA) that is applied to identify the source of the DNA extracted from
environmental samples such as water or sediment [19].

Freshwater ecosystems are of great importance, are fragile, and face many anthropogenic pressures
and activities. Aquatic macroinvertebrates are used as bioindicators, as they are very useful for assessing
ecosystem health and present high species diversity. Moreover, they are common and are sensitive to
anthropogenic and natural disturbances [20]. Their identification is difficult and the accuracy of such
identification is highly dependent on the researcher’s experience and it is time consuming [21].

There is a worldwide effort to enact legislation with the purpose of promoting ecological
quality assessment of aquatic ecosystems [2]. In Europe, there are two main directives focusing on the
conservation and protection of marine, transitional and coastal waters. These directives are: (i) the Water
Framework Directive (WFD, 2000/60/EC) for transitional and coastal waters, and (ii) the Marine
Strategy Framework Directive (MSFD, 2008/56/EC) for marine waters. The MSFD aims to achieve or
maintain ‘good environmental status’ (GEns), while the WFD aims to achieve “good ecological status’
(GEcs) [22,23].

The current principal limitation in the use of DNA metabarcoding for species identification is
incomplete DNA barcode databases. The two big public and most commonly used barcode databases
are GenBank, which is maintained by the National Center for Biotechnology Information (NCBI),
and the Barcode of Life Data System (BOLD System) [14,24,25]. Both databases provide a global list of
species with several data elements. Laboratory teams and universities from all over the world can enter
the databases and insert new species barcodes. For animals, the most commonly used barcode region
is the mitochondrial cytochrome oxidase I gene (CO1). Information about the organisms inserted in
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the libraries includes the species name, the sequences of gene targets such as CO1 or rDNA and the
PCR primers used for amplification.

In a barcoder’s perfect world, all species on Earth would be identifiable based on their DNA
barcodes [26]. However, the current condition of the databases is characterized as incomplete. This leads
to a chain of consequences regarding the use of DNA barcoding and metabarcoding for biomonitoring.
It is essential to work on the completeness of the reference libraries, expecting that this would lead
to more efficient and effortless species identification and biodiversity assessment. The success of the
DNA metabarcoding method is also based on the efficiency of the primer sets on the largest number of
taxa [27].

In this project, using the Apulia Regional Environmental Protection Agency (ARPA, Puglia,
2011) reference checklist of benthic macroinvertebrates of the aquatic ecosystems of the Apulia region
(southeast of Italy) [28], we evaluated the extent of the gap in DNA barcodes in the reference libraries
and identified which and how many species, belonging to 440 families, do not have their DNA barcode
uploaded in the libraries. These data allow us to direct scientific efforts towards specific taxonomic
groups in order to complete the DNA barcode databases. Using a lagoon pilot site from the Apulia
region (Aquatina di Frigole, NATURA 2000 Site IT9150003), we tested the application of single species
DNA barcoding to a lagoon ecosystem and for two macroinvertebrate species lacking DNA barcode
sequences, Fabulina fabula Gmelin, 1791, and Tritia nitida Jeffreys, 1867, we uploaded their CO1 DNA
barcode sequence in the public reference library of the BOLD System.

2. Materials and Methods

2.1. Macroinvertebrates Database and Gap-Analysis

For this study, the species checklist of the Apulia Regional Environmental Protection Agency
(ARPA-Puglia) published in 2011 [28] was acquired, consisting of macroinvertebrate species from
the most significant aquatic ecosystems of the Apulia region in southeast Italy. The research
was accomplished in accordance with the Water Framework Directive (European Commission,
Directive 2000/60/EC-WFD). Species names were verified using both the European platform
named EU-NOMEN (http://www.eu-nomen.eu) and the worldwide platform named WORMS
(http://www.marinespecies.org).

The DNA barcode libraries BOLD Systems (http://www.boldsystems.org) [14] and GenBank were
examined in June 2020 in order to verify which macroinvertebrate species previously identified were
associated with a DNA barcode. Fifteen phyla and 440 families were analyzed, establishing which
of the species contained in these phyla and families have a DNA barcode in BOLD Systems or in
GenBank. The percentage of each phylum and family with and without barcode in the reference
libraries was calculated.

2.2. Field Sampling of Macroinvertebrates

We performed sampling in a lagoon pilot site within the NATURA 2000 Site IT9150003 “Aquatina
di Frigole” located on the Adriatic Sea coastline of the Salento peninsula, about 13 km northeast of
the town of Lecce (Apulia, Italy). The lagoon is about 43 hectares. Aquatina di Frigole is a Site of
Community Importance (SCI) and Special Area of Conservation (SAC) under the Habitat Directive
92/43/EEC “Aquatina di Frigole” (IT9150003), within which habitats worthy of protection have been
identified. This NATURA 2000 site also covers marine and terrestrial habitats. Some of these, included
in Annex I of the Directive 92/43/EEC, have been given “priority” status, such as 1120* Posidonia beds
(Posidonion oceanicae), 1150* Coastal lagoons and 2250* Coastal dunes with Juniperus spp. In addition,
the variety of environments and habitats in the entire protected area support numerous nesting and
migratory birds. The lagoon constitutes a nursery environment for the juvenile stages of many fish
species due to the wide availability of nutrients and food resources. Furthermore, the lagoon hosts
different species of crustaceans and mollusks. Among these, the endemic Mediterranean bivalve
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Pinna nobilis is included in Annex IV of The Habitats Directive and is listed as an endangered species
in the International Union for Conservation of Nature (IUCN) Red List [29,30].

Sampling in the “Aquatina di Frigole” lagoon involved four strategic sites (named A, B, C and D)
arranged along the salinity gradient. Three experiments were carried out for each site, corresponding
to three sampling replicates for site A: A1, A2, A3, site B: B1, B2, B3 and site C: C1, C2, C3; for site D:
D1, D2, D3. Their geo-locations are shown in Figure 1.

Figure 1. Map of sampling sites (A, B, C, D) in the Acquatina di Frigole lagoon (Apulia region,
southeast Italy).

For sampling macroinvertebrates, we used a Reineck box-corer covering a surface of 17 X 17 cm [2].
Afterwards, the samples collected were screened using a 1-mm square mesh sieve to eliminate interstitial
water, fine sediments and debris. Thereafter, the samples were frozen and kept for a few days at a
temperature of —20 °C.

In the laboratory, the samples were further cleaned and the debris removed until the sampled
animals were isolated (sorting phase) and stored in 70% ethanol at a temperature of 4 °C. Finally,
through the use of stereomicroscopes, the animals were morphologically identified to the lowest
possible taxonomic level (e.g., species) with the help of dichotomous keys (identification phase) [31-38].
In particular, Fabulina fabula presents a sculpture of fine oblique grooves crossing the concentric stripes,
a white color and dimensions between 8 and 24 mm,; for Tritia nitida, although this species displays a
wide range of variation, brackish water specimens are usually smaller than others, are glossier and
almost always have stronger axial ribs and dimensions from 20 to 30 mm.

2.3. Single Species DNA-Barcoding

Genomic DNA was extracted from approximately 200 mg of fresh tissue taken from the whole
sample (excluding shell) preserved in 70% ethanol.

The samples, each collected in a sterile 2-mL tube, were treated with 700 uL of TNES lysis
buffer (Tris 1M, NaCl 5M, EDTA 0.5M, SDS 0.5% pH 7.5) and 12 uL of proteinase K 20 mg/mL and
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homogenized using a 35,000 rpm power homogenizer. The tubes were incubated in a thermal bath
at 65 °C for 3 h, vortexing them every 30 min until complete lysis. The DNA extraction process was
completed with DNeasy PowerSoil kit (Qiagen) according to the manufacturer’s protocol.

The amplification of a fragment of approximately 350 bp of the mitochondrial gene CO1
was performed using the primers mCOIF 5 GGWACWGGWTGAACWGTWTAYCCYCC3’ and
dgHCO-2198 5 TAAACTTCAGGGTGACCAAARAAYCA3’ [39]. The reaction was performed in
a volume of 50 pL composed of: 5 uL of 10x reaction buffer, 1 pL of MgCl, (50 mM), 1 uL of dANTP mix
(10 mM), 1 uL of each primer (10 mM); ~15 ng DNA, 0.5 pL of Life Technologies Platinum Taq (5 U/uL)
and sterile water to 50 L. The amplification program included the following phases: denaturation
(95 °C for 30”), annealing (45 °C for 30”), extension (72 °C for 30”) repeated for 30 cycles, preceded by
an initial denaturation at 95 °C for 5 min, and followed by a final polymerization at 72 °C for 5 min.

All PCR products were purified with a PureLink PCR purification kit (Invitrogen, Carlsbad, CA,
USA) and Sanger sequenced.

3. Results

3.1. Gap Analysis of the Barcoded Species in the Reference Libraries

In order to investigate the degree of completeness of the barcode sequence databases for the
purpose of future use in the assessment of environmental quality, we used the list of macroinvertebrate
species of the ARPA, Puglia. This list comprised 1565 macroinvertebrate species/taxa; we analyzed
1546 species that we could categorize into 15 phyla and 440 families. We searched the databases of
BOLD Systems and NCBI GenBank for the presence or absence of CO1 barcode sequences for these
species, as reported in Table 1 and Supplementary Table S1. A DNA barcode was available for 58%
of the listed species. The phyla with the highest numbers of species present in the regional list were
Mollusca, Anellida and Arthropoda with 438, 423 and 383 species, respectively, and the numbers of
species without barcodes for these phyla were 174, 196 and 135, respectively. The phyla with the larger
gaps in the reference libraries were Nematoda, Entoprocta and Porifera (Table 1).

Table 1. Number of species present in the regional list and number of species without barcode for

each phylum.

Phylum Number of Species inl:ll?:l:toéasrlzs;i:s Percentage of the Gap
Mollusca 438 174 39.7
Annelida 423 196 46.3

Arthropoda 383 135 35.2

Bryozoa 87 47 54.0

Echinodermata 56 22 39.3

Cnidaria 54 23 42.6

Porifera 37 21 56.7
Chordata 24 3 12.5
Nematoda 9 6 66.7

Platyhelminthes 7 3 42.8
Sipuncula 7 3 42.8
Entoprocta 5 3 60
Nemertea 3 0 0
Phoronida 3 0 0

Hemichordata 1 0 0
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At the family level, there were families completely lacking DNA barcodes in the reference libraries,
and also families with existing DNA barcode for all species; this trend is common to all the phyla
(Supplementary Table S1). Some phyla, such as Nematoda, presented a large number of families with
a single species and most of them were barcoded. Among the most represented phyla, Mollusca
presented 30% of families with a gap in the reference libraries greater than 50%, while Anellida
and Arthropoda presented 50% of families with a gap in the reference libraries greater than 50%,
also because for Anellida the families are represented by a greater number of species.

The success of the metabarcoding method is, at the same time, closely linked to the
availability of an efficient primer pair for the taxa represented in the ecosystem under consideration.
We wanted to investigate the information relative to the primers used to obtain the DNA barcodes
present in the databases. Only for 52% of the examined barcoded species were the primers
used reported in the databases. Among these, the primer combinations dgL.CO-1490/dgHCO-2198
and LCO-1490/HCO-2198 [39] were overall 45%. Specifically, Mollusca were barcoded with
LCO-1490/HCO-2198 at a percentage of 37%, Annelida were barcoded with dgLCO-1490/dgHCO-2198
at a percentage of 50% and Arthropoda with dgL.CO-1490/dgHCO-2198 and LCO-1490/HCO-2198 at a
percentage of 40% (Supplementary Table S2).

3.2. Application of Single Species DNA Barcoding to a Lagoon Ecosystem and First Identification of the DNA
Barcode Sequence in Two Macroinvertabrate Species

Many examples of DNA barcoding and metabarcoding projects, using benthic macroinvertabrates,
have been performed in marine ecosystems [16], while the use of these innovative methods for
lagoon ecosystems, which are richer in humic substances than other aquatic environments, remains
under explored. In order to test single-species DNA barcoding, we used, as a pilot site, a lagoon
in the Apulia region, the “Aquatina di Frigole” lagoon. A standard sampling (4 X 2 sampling sites)
was performed and we collected 32 species which were identified by the morphological approach
(Supplementary Table S3). Among them, five species were without a DNA barcode in the reference
libraries: Tritia nitida, Fabulina fabula, Ampithoe ferox, Cerithium vulgatum and Microdeutopus gryllotalpa.
For two of them, Tritia nitida and Fabulina fabula, we extracted DNA and amplified a fragment of the
CO1 gene. The sequences were uploaded in the BOLD Systems database with ID TWAO001-19 for
Tritia nitida and TWCO001-20 for Fabulina fabula.

For the amplification, we tested a new combination of primers, the mCOIF/dgHCO-2198
primer pair, which worked under our conditions with DNA of various species. This primer set
and the amplicon may prove useful for future DNA metabarcoding analyses. We obtained the
amplification of DNA and sequenced the amplicons from Naineris laevigata (Anellida Polychaete),
Loripes orbiculatus (Mollusca Bivalvia), Arenicola marina (Anellida Polychaete), Condrochelia savignyi
(Arthropoda Crustacea), Fabulina fabula (Mollusca bivalvia), Tritia nitida (Mollusca Gastropoda).
The primer pair mCOIF/dgHCO-2198 worked with the phyla with the highest number of species
present in the Apulia regional list (Anellida, Mollusca, Arthropoda), which were separated in the
phylogenetic analysis of the sequences we obtained (Figure 2).
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O chondrochelia_ Arthropoda

Q rrenicola_anellida

QO ¥aineris_anellida

QO Tritia_Mollusca

O Fabulina_Mollusca

Q Loripes_Mollusca

Figure 2. Phylogenetic tree using CO1 barcode sequences from Naineris laevigata, Loripes orbiculatus,
Arenicola marina, Chondrochelia savignyi, Fabulina fabula and Tritia nitida.

3.3. The Identification of Species for Macroinvertabrates Early Developmental Stages

Sampling at the Aquatina lagoon allowed us to collect 290 larvae of the genus Chironomus.
The morphological approach does not allow for identification at the species level. We extracted
genomic DNA from pools of 15 Chironomus larvae and amplified and sequenced a CO1 gene fragment.
The analysis of the sequences and the alignment with sequences present in GenBank allowed us to
identify the species of the larvae, in particular the species Chironomus salinarius, as confirmed from
the results of the nucleotide multi-alignment of two CO1 amplicon sequences from Chironomus larvae
genomic DNA and the entry sequence MN454846 of Chironomous salinarius CO1 from NCBI GenBank
(Supplementary Figure S1).

This experiment confirms the potential role of DNA barcoding in the identification of species
starting from larval or early developmental stages of individuals.

4. Discussion

Although the advantages of the DNA barcoding and metabarcoding approaches are well
defined [40,41], it is necessary to consider some current limitations that need to be improved. At first,
the process of DNA barcoding and metabarcoding for species identification is dependent on the
completeness of the reference libraries. Moreover, it also relies on the availability of primer set that
cover the amplification of all the species present in the studied environment. With the aim of addressing
these problems, local/regional studies are important for analyzing the gaps in the databases relative
to the species of the area and to set useful combinations of primers to cover the specific richness in
species of different area. At the same time, the identification of the gaps in the reference databases
has a more generic relevance because it directs the efforts of the scientific community to complete the
databases for specific taxonomic groups.

In this study, we performed a gap analysis using the list of macroinvertebrate species of all
aquatic ecosystems of the Apulia region in southeast Italy. Macroinvertebrate communities have
been frequently used as environmental, ecological, and biodiversity indicators in the monitoring
of aquatic ecosystems and in supporting assessments of the ecological status of bodies of water
according to EU Directives and national legislation (D.M. 260/10). In fact, benthic macroinvertebrates
possess many of the hallmark traits of good bioindicators: poor mobility, high number of species and
functional groups, long life cycles and their important role in aquatic trophic networks [2-5]. Moreover,
any natural or anthropogenic perturbation causes a change in the structure and composition of their
communities [42—46].
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Our analysis revealed that, for the Apulia Regional Environmental Protection Agency checklist
of aquatic macroinvertebrates, the global gap in DNA barcodes in the BOLD Systems and GenBank
is 42.3%. This analysis underlines the importance of increasing the barcoded species to enable the
effective use of the DNA metabarcoding approach in regional biomonitoring programs.

Macroinvertebrate species have been used in DNA barcoding and metabarcoding studies from
marine ecosystems and streams [16,47]. The lagoon ecosystems are currently underrepresented in these
studies. These lagoons are peculiar because they are richer in humic substances than other aquatic
environments and the presence of humic substances is known to inhibit PCR amplification reactions.
In this study, we applied single-species DNA barcoding to a lagoon ecosystem using the Aquatina
lagoon as a pilot site, highlighting the applicability of the method for successful new barcoding
applications. This study, however, had a limiting factor in the amount of DNA related to the number
of individuals sampled. Future studies will be centered on DNA metabarcoding applications for the
pools of lagoon macroinvertebrate species collected.

5. Conclusions

This study highlighted the importance of analyzing, at the regional level, the DNA barcode gaps
in the reference libraries for the future application of DNA barcoding and metabarcoding methods
in regional biomonitoring assessments. In fact, it is of great importance that we prioritize the most
widely represented groups of species lacking DNA barcodes. At the same time, the combination
of primers used in this study is efficient for species belonging to the three most represented phyla,
and opens the door for future experimental and in silico studies for the wide use of this combination in
the regional context.

Finally, it is important to underline that molecular methods can find applications in lagoon
ecosystems which, due to their intrinsic characteristics, require particular attention and future
investigations in relation to DNA metabarcoding applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/7/538/s1,
Figure S1: Results of the nucleotide multi-alignment of two CO1 amplicon sequences from Chironomus larvae
genomic DNA and the entry sequence MN454846 of Chironomous salinarius CO1 from NCBI GenBank, Table S1:
Number of species with and without DNA barcodes for each family listed in decreasing order of the gap,
Table S2: Number of barcoded species with reported primers and percentage of the LCO-1490/HCO-2198 and
dgLCO-1490/dgHCO-2198 use, Table S3: List of species collected in the Acquatina lagoon reporting the presence
or absence of DNA barcodes in the reference libraries.
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