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From Phenotypes to Genotypes and Back: Toward an Integrated Evaluation of Biodiversity in Calanoid Copepods
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Zooplankton molecular analyses allow for accurate species identification with a proper molecular signature, complementing classic phenotypic-based taxonomy (α taxonomy). For the first time in the Mediterranean Sea, cytochrome oxidase I (COI) gene sequences of calanoid copepods were associated with morphological identification, HD and SEM images, using a fully integrated approach to assess taxonomic diversity. Such method was applied to selected species, generating consensus sequences from the Gulf of Naples (Central Tyrrhenian Sea, Western Mediterranean Sea) also including reference barcodes of three target species (Nannocalanus minor, Pleuromamma gracilis and the non-indigenous species (NIS) Pseudodiaptomus marinus) that are new for the Mediterranean area. The new barcodes were selected including: dominant and rare species; species that were originally described in the study area as type locality, but lacking a molecular description; emergent NIS and potential species complex. The integration between morphological and molecular identification by tree placement, using species-specific highly conserved oligonucleotides, also provided new and high-quality references of the most common and abundant copepod genera and species in the Mediterranean Sea. Our regional reference library was then integrated and analyzed with global data reference available on BOLD database to explore the presence of potential cryptic species and biogeographic patterns and links among geographically distant populations of copepods. Overall, this study provides valuable insight into the actual copepod taxonomic diversity and contributes to building baseline knowledge to monitor coastal biodiversity in neritic areas worldwide, where copepods are of paramount ecological importance, paving the way for future metabarcoding studies.
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INTRODUCTION

Marine biodiversity is the first of the eleven Descriptors of Good Environmental Status (GES) defined by the EU Marine Strategy Framework Directive (MSFD) (Directive 2008/56/EC). Assessing biodiversity is a challenging task, and molecular taxonomy complements phenotypic approaches, proving reliable for routine identification, once the sequences are assigned to correctly identified phenotypes (Boero and Bernardi, 2014). The taxonomic accuracy of biodiversity datasets, however, varies at both spatial and temporal scales. The zooplankton time-series of IOC-UNESCO International Group for Marine Ecological Time Series (IGMETS) increased our understanding of how marine ecosystems respond to climate change and other environmental variations, and three-quarters of these time series have high taxonomic accuracy (O’Brien et al., 2017; Chiba et al., 2018). Genotypic approaches coupled with traditional (phenotypic-based) taxonomy allow to identify occurring native species and trace non-indigenous ones, estimating the real number of zooplankton species, including the identification of specimens from cryptic species complexes or species groups with high morphological similarity, which are difficult (if not impossible) to discriminate based on morphology only.

Currently, ∼5,700 holoplankton species are described, but it is estimated that ∼1,600 more species are yet to be discovered and described (Bucklin et al., 2010b,2021). Among holoplanktonic organisms, copepods often dominate marine zooplankton assemblages, both in terms of abundance (Humes, 1994) and diversity (Uttieri, 2018; Laakmann et al., 2020; Bucklin et al., 2021; Walter and Boxshall, 2021). The morphological identification and the molecular taxonomy of these microscopic crustaceans are very difficult to address. The morphological taxonomic knowledge of Mediterranean copepods is strongly rooted in the past (Giesbrecht, 1892; Giesbrecht and Schmeil, 1898; Sars, 1924-1925; Rose, 1927a,b), since the end of 19th century when Wilhelm Giesbrecht started the study of planktonic copepods in the Gulf of Naples (Tyrrhenian Sea, Western Mediterranean Sea), by describing and establishing several families, genera and species. Currently, based on morphological characters only, 176 calanoid species referred to 65 genera occur in Italian seas (Mazzocchi and Di Capua, 2010; Di Capua and Mazzocchi, 2021). Of them, 160 species referred to 57 genera are found at the Long Term Ecological Research station MareChiara (LTER-MC) in the Gulf of Naples, routinely sampled since 1984 (Zingone et al., 2019). In this site, new entries of non-indigenous species (NIS) were identified by experienced taxonomists using morphological characters, while processing the regular zooplankton samples (Di Capua and Boxshall, 2008; Kasapidis et al., 2018; Uttieri et al., 2020). In recent years, the introduction of molecular methods provided additional information that robustly supported copepod systematics (Di Capua et al., 2017, 2021). DNA barcoding, based on the sequencing of highly conserved DNA regions with little intraspecific variations of the mitochondrial cytochrome c oxidase I (COI) gene, is a precise and reliable identification tool (Tautz et al., 2002). Despite calanoid copepods are one of the best studied groups of marine zooplankton by using such an approach (Bucklin et al., 2010a,b; Laakmann et al., 2013, 2020; Blanco-Bercial et al., 2014) molecular barcoding is still restricted to few copepod families, mainly from the order Calanoida (42%) (Bucklin et al., 2021), and only 104 calanoid species (26%) presently have COI barcodes.1 Such gap calls for an effort, coupling traditional taxonomy (phenotypic-based) with molecular taxonomy (genotypic-based).

The aim of the present study is to expand present knowledge on the calanoid taxonomic diversity using integrative morphological and molecular approaches and lay the foundation for a reference library for Mediterranean coastal areas, starting from the Gulf of Naples as a case study due to its high representativeness. The taxonomic approach, identifying selected target and key species of the nine most abundant and widespread calanoid families (Acartiidae, Calanidae, Centropagidae, Clausocalanidae, Aetideidae, Paracalanidae, Metridinidae, Pseudodiaptomidae, and Temoridae) using morphological identification, is complemented with high definition (HD) and scanning electron microscopy (SEM) images of the individuals and their DNA barcode using COI genetic marker, with the creation of consensus sequences longer than 500 bp. The selected and analyzed species were chosen according to their taxonomic and ecological features: (1) dominance in neritic areas of the Mediterranean Sea; (2) Mediterranean Sea as type locality, but lacking a molecular description; (3) inclusion of species complex under the same name; (4) rare but cosmopolitan species; (5) emergent NIS, recently spreading in European waters. Molecular dataset was integrated and analyzed with global data reference available on BOLD and NCBI databases for copepod studied to explore the presence of potential cryptic species and biogeographic patterns and links among geographically distant populations of copepods, thus linking individual identification to a wider Ω taxonomy framework.



MATERIALS AND METHODS


Zooplankton Sampling and Specimens Collection

Since 1984, phyto- and zooplankton are assessed, and environmental variables are measured weekly at the Long-Term Ecological Research MareChiara site (LTER-MC). The station, located two nautical miles off the city of Naples (40°48.5′N, 14°15′E, depth ca. 75 m), is influenced by both the eutrophic inputs from coastal runoffs and the oligotrophic waters of the mid Tyrrhenian Sea (Cianelli et al., 2017; Figure 1). Since 2019, additional samplings are carried out at an offshore mesopelagic station above the Dohrn canyon (40°36.2′N, 14°08′E, depth ca. 700 m) in the framework of the Naples Ecological REsearch and Augmented ocean observation (NEREA) project, an augmented observatory including “omic approaches” (Figure 1).
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FIGURE 1. The sampling site, the LTER-MC site and Canyon Dohrn (plankton net icons), in the Gulf of Naples (Central Tyrrhenian Sea, Mediterranean Sea). Coastline data: NOAA National Geophysical Data Center, Coastline extracted: WLC (World Coast Line), Date Retrieved: April 01, 2015, http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html; bathymetric data from Amante and Eakins (2009).


Zooplankton samples were collected at the LTER-MC and Dohrn canyon sites during 2019 with a WP2 plankton net (mouth diameter: 57 cm; mesh aperture width: 200 μm), towed vertically from −50 m depth to the surface at low speed (0.7–1.0 m s–1). Samples were maintained alive on board at 4°C and transported to the laboratory in a cooler within 2 h. The sample was filtered on a nitex filter (200 μm mesh) to remove the sea water, immediately preserved in 95% ethanol, and stored in the dark at 4°C. The ethanol was replaced after 24 h to remove seawater excess.



Morphological Identification and Occurrence of the Analyzed Species

Mixed zooplankton samples were preserved in ethanol and were morphologically analyzed under a stereomicroscope (Leica M165C). Mature female calanoid specimens were sorted and taxonomically identified at species level based on morphological analysis of diagnostic characters according to Razouls et al. (2005-2021) and WoRMS Editorial Board (2021) and original descriptions and revisions, when relevant.

A total of 81 specimens of calanoid copepods were identified and referred to 16 species: Acartia clausi Giesbrecht, 1889; Calanus helgolandicus Claus, 1863; Calocalanus styliremis Giesbrecht, 1888; Candacia bispinosa Claus, 1863; Candacia simplex Giesbrecht, 1889; Centropages typicus Krøyer, 1849; Clausocalanus parapergens Frost and Fleminger, 1968; Ctenocalanus vanus Giesbrecht, 1888; Euchirella rostrata Claus, 1866; Nannocalanus minor Claus, 1863; Paracalanus indicus Wolfenden, 1903; Paracalanus parvus Claus, 1863; Pleuromamma gracilis Claus, 1863; Pontella mediterranea Claus, 1863; Pseudodiaptomus marinus Sato, 1913; Temora stylifera Dana, 1849. Morphological and morphometric parameters were annotated for each individual, and HD images in lateral and frontal views were taken using a Leica HD camera (DMC 5400). In addition, diagnostic morphological details of Paracalanus parvus and P. indicus were verified using SEM on other specimens selected from the same samples used for morphological and molecular analyses.

A. clausi, C. typicus, T. stylifera, and the P. parvus species complex are the four dominant taxa at LTER-MC, showing a seasonal succession and a recurrent pattern from mid-spring to autumn (Di Capua and Mazzocchi, 2004; Ribera d’Alcalà et al., 2004). C. styliremis, C. parapergens, E. rostrata, N. minor, and P. gracilis are other important contributors to the copepod assemblage at LTER-MC (Mazzocchi et al., 2011). C. helgolandicus is a widespread epipelagic species particularly sensitive to subtle changes in climate (Bonnet et al., 2005); C. vanus was originally described in the Gulf of Naples by Giesbrecht (1888); P. marinus is a global NIS (Sabia et al., 2015; Uttieri et al., 2020), present in the study area since 2011 (Di Capua et al., 2021).



DNA Extraction, Polymerase Chain Reaction Amplification, and DNA Sequencing

DNA was extracted from each specimen using a new cetyltrimethyl ammonium bromide (CTAB) based protocol developed for zooplankton crustacean species. Each specimen was washed with distilled water to remove ethanol, transferred into a 1.5 mL Eppendorf tube, and lysed in 500 μL of AppliChem CTAB extraction buffer (AppliChem, BioChemica, Illinois Tool Works Inc., Chicago, IL, United States, code A4150) and 10 μL of Roche Proteinase K recombinant Polymerase Chain Reaction (PCR) Grade (Roche, code 03115852001) at 60°C overnight. DNA isolation was performed adding 500 μL of SEVAG (chloroformisoamilic-alcohol 24:1 v/v) to the lysate, shaking upside down and incubating for ten minutes at room temperature (RT). Each sample was centrifuged at 14,000 rpm for 30 min at RT. The supernatant was recovered and incubated with a same volume (1:1) of 2-propanol (SIGMA-ALDRICH, code 33539-1L-R) at −20°C for 2 h. The DNA precipitate was centrifuged at 14,000 rpm for 30 min at 4°C. The supernatant was removed without disturbing the pellet, which was washed twice with 100 μL of 75% ice-cold ethanol. The pellet was left to air-dry under the hood and re-suspended in 20 μL of sterile MilliQ water.

Next, as a template for PCR, the extracted DNA was used to amplify the mitochondrial gene cytochrome c oxidase subunit I (COI) 710 bp, in a final volume of 25 μL, using C-1000 TouchTM Thermal Cycler. Primers pairs used for amplification and for the following sequence analysis were the universal COI primers (forward LCO1490: 5’-ggtcaacaaatcataaagatattgg-3’ and reverse HC02198: 5’-taaacttcagggtgaccaaaaaatca-3’) (Folmer et al., 1994), considered a reference standard for marine zooplankton (Bucklin et al., 2010a,2011, 2021). The PCR thermal conditions included an initial denaturation step at 95°C for 5 min, followed by forty cycles at 95°C (denaturation for 5 min), 45°C (annealing for 1 min), and 72°C (extension for 1 min), then a final extension step at 72°C for 7 min. The genomic template not amplified was stored in a genomic collection to preserve DNA vouchers for future additional studies (e.g., amplification of other target genes, such as 18S or ITS).

The PCR products were electrophoresed in a 1% agarose gel in Tris Borate EDTA (TBE) buffer stained with ethidium bromide and visualized under UV light. A DNA ladder 100 bp was used for the estimation of the amplicon length. The obtained PCR products were excised from the gel and isolated for later sequencing using the DNA Isolation Spin-kit Agarose (AppliChem) following the manufacturer’s protocol. Each purified PCR product was sequenced at the Molecular Biology and Sequencing Service of SZN, using Big Dye Terminator Cycle Sequencing Kit (Life Technologies) and analyzed on the Automated Capillary Electrophoresis Sequencer 3730 DNA Analyzer.



Sequences Alignment and Data Analysis

Consensus sequences were obtained from forward and reverse COI sequences using BioEdit Sequence Alignment Editor (Hall, 1999). A molecular identification by similarity approach was performed against Barcode of Life Data Systems database (BOLD)2 (Ratnasingham and Hebert, 2007; Meiklejohn et al., 2019) and National Center for Biotechnology Information (NCBI) GenBank database3 using Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997). In addition, identification by generation and placement in a tree (phylogenetic approach) was performed. COI reference sequences and metadata associated with the analyzed Calanoida genera were downloaded from BOLD database. Redundancy of molecular data were deleted collapsing the identical sequences using mothur v.1.33.0 (Schloss et al., 2009). Sequences shorter than 500 bp or with low quality (presence of ambiguities) were removed. Moreover, sequences without a complete identification at species level were excluded. A multialignment, including COI reference sequences from BOLD, COI sequences generated in this study and Paracyclopina nana Smirnov, 1935 (NC012455) as outgroup (same as in Blanco-Bercial et al., 2011), was generated using MAFFT (Kuraku et al., 2013; Katoh et al., 2019). The alignment was manually checked using SeaView v.4.0 (Gouy et al., 2010) and a Maximum Likelihood tree (GTR model) was built using Fastree (Price et al., 2010). The phylogenetic tree was visualized in iTOL4 (Letunic and Bork, 2019). The tree was also used as input for species delimitation inference using bPTP (Zhang et al., 2013). This approach uses Poisson Tree Processes (PTP) model to infer putative species boundaries on a given phylogenetic input tree and adds Bayesian Support (BS) values to delimit species on the input tree. A high BS value on a node indicates that all descendants from this node are more likely to be from one species. Finally, phylogenetic networks were generated for the four dominant calanoid species at LTER-MC (A. clausi, C. typicus, P. parvus complex, and T. stylifera), and for the cosmopolitan species C. helgolandicus. Haplotype lists were generated with DnaSp (Rozas et al., 2017), then Median-Joining (MJ) haplotype networks were inferred with Network 105 using default parameters. Copepod sequences from this study are available in GenBank (Table 1).


TABLE 1. Summary of ecological traits, morphological remarks, morphometric analyses and molecular data of the species studied.
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RESULTS

Eighty-one specimens referring to 16 species of 14 calanoid genera and 11 families of calanoid copepods were first identified through morphological analysis. For species with unequivocal morphological classification using species-specific morphological keys, the identification was performed through light microscopy and HD images are shown in Figure 2. For the genus Paracalanus a detailed SEM investigation was instead required to resolve finer details undistinguishable through light microscopy. The discrimination between Paracalanus parvus and Paracalanus indicus was based on the absence in the former of serration on the distal edge of the expodite 3 from the second to the fourth leg (Figure 3). Subsequent DNA extraction was successful in 56 specimens referred to 12 species (75% of the total species), but COI sequences were obtained for 27 specimens (47% of extracted specimens) (Table 1). Only high-quality sequences (with barcodes longer than 500 bp) and a high percentage of similarity (98–100%) with reference DNA databases (BOLD and GenBank) were considered robust enough for identification at species level (25 sequences out of 27; 92%). Analysis by similarity confirmed morphological identification for 11 species (91%): Acartia clausi, Calanus helgolandicus, Centropages typicus, Clausocalanus parapergens, Ctenocalanus vanus, Euchirella rostrata, Nannocalanus minor, P. indicus, Pleuromamma gracilis, Pseudodiaptomus marinus, and Temora stylifera (Table 1). COI sequences generated from five specimens morphologically identified as P. parvus were assigned to Paracalanus quasimodo according to molecular identification (Table 1).
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FIGURE 2. HD-images of 10 calanoid copepod species studied in the Gulf of Naples: (A) Temora stylifera; (B) Acartia clausi; (C) Pseudodiaptomus marinus; (D) Centropages typicus; (E) Pleuromamma gracilis; (F) Calanus helgolandicus; (G) Nannocalanus minor; (H) Euchirella rostrata; (I) Clausocalanus parapergens; (J) Ctenocalanus vanus. The total body length of the specimens showed in this Figure are reported in the Table 1.
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FIGURE 3. Scanning electron microscopy (SEM) images of (A) entire Paracalanus indicus in later view; (B) details of distal edge of the expodite 3 from the second to the fourth leg (arrowed) of P. indicus; (C) entire Paracalanus parvus in later view; (D) detail of distal edge of the expodite 3 of the fourth leg (arrow) of P. parvus.


A total of 4,400 COI reference sequences belonging to the 11 analyzed calanoid genera were downloaded from BOLD to reconstruct the phylogenetic relationships of the investigated species. Collapse of identical sequences reduced the dataset to 2,490 unique sequences. Filtered sequences generated a final dataset including 717 COI entries. For molecular identification of copepod species by tree placement, a Maximum Likelihood tree was generated using the GTR model (Figure 4), including 743 sequences (717 reference sequences from BOLD, 25 sequences generated in this study, and 1 outgroup). The single marker COI succeeded in identifying the query sequence at the genus and species levels and provided support to discriminate 11 genera with high support (87–98%) (Temora, Acartia, Pseudodiaptomus, Centropages, Pleuromamma, Calanus, Nannocalanus, Euchirella, Clausocalanus, Ctenocalanus, and Paracalanus) (Figure 4 and Supplementary Figure 1).
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FIGURE 4. ML tree of 717 COI reference sequences from BOLD and 25 barcodes generated (taller bars). Outgroup: Paracyclopina nana NC012455.


The Temora cluster was separated in two clades, one with a basal position in the tree, and the second including our T. stylifera grouped in the tree at species level (bootstrap value of 98%), confirming their appropriate morphological identifications (Figure 5A). Within the genus Acartia, A. clausi formed two highly supported separate subclades: one comprising specimens coming from the North Sea, and another including specimens from the Mediterranean and the Black Sea (bootstrap value of 100%) (Figure 5B). The first Mediterranean COI sequence for Pseudodiaptomus marinus clustered with other specimens coming from the North Sea, the Pacific Ocean, and the Bilbao Estuary (bootstrap value of 84%) (Figure 5C). Our sequence of Centropages typicus (bootstrap value of 85%) (Figure 5D) was grouped in the tree of the correspondent clade species, confirming the morphological identifications. A similar pattern was found for Pleuromamma gracilis, correctly placed in the tree (bootstrap value of 87%), with specimens from the Atlantic Ocean. However, we observed that some references of Pleuromamma piseki were present in the same clade (Figure 5E). In the Calanus clade (Supplementary Figure 1), Calanus helgolandicus and Calanus euxinus references clustered together with C. helgolandicus from the Gulf of Naples (bootstrap value of 100%) (Figure 5F). The sequences generated for Nannocalanus minor were placed with other references mainly from the Atlantic Ocean; our four references from the Gulf of Naples, new for the Mediterranean Sea, formed a strongly supported subclade (bootstrap value of 100%) with one reference from the Sargasso Sea (Figure 6A). The Euchirella clade comprised the only seven congeneric species available from BOLD, our sequences of E. rostrata and the only two available references for this species grouped in the same subclade (bootstrap value of 100%) (Figure 6B). The Ctenocalanus clade comprised the only two congeneric species C. citer and C. vanus, separately. Our three specimens of C. vanus clustered with specimens coming from Spain, Greece, and the Atlantic Ocean (bootstrap value of 100%), confirming the correct morphological and molecular identification of this species from its type locality (Figure 6C). Clausocalanus parapergens (bootstrap value of 92%) was grouped in the tree of correspondent clade species, confirming the morphological identification (Figure 6D). More complexity was found for the Paracalanus species complex, comprising the nominal species P. indicus, P. quasimodo and P. parvus. P. quasimodo formed a strongly supported clade (bootstrap value of 100%) including specimens from several localities and our samples morphologically identified as P. parvus. Instead, P. indicus and P. parvus BOLD references were mixed in several clades including our three sequences generated from specimens morphologically identified as P. indicus (Figure 6E).
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FIGURE 5. Molecular identification based on ML tree. Portions from the full tree are illustrated: (A) Temora stylifera; (B) Acartia clausi; (C) Pseudodiaptomus marinus; (D) Centropages typicus; (E) Pleuromamma gracilis; (F) Calanus helgolandicus. Full tree available in Supplementary Figure 1.
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FIGURE 6. Molecular identification based on ML tree. Portions from the full tree are illustrated: (A) Nannocalanus minor; (B) Euchirella rostrata; (C) Ctenocalanus vanus; (D) Clausocalanus parapergens; (E) Paracalanus parvus. Full tree available in Supplementary Figure 1.


The species delimitation inferred by bPTP predicted 154 species starting from molecular data belonging to 126 nominal species (Supplementary Figure 2 and Supplementary Table 1). Exploration of 12 species morphologically identified in our study revealed the prediction of 26 putative species. Inference from molecular data of eight species (Calanus helgolandicus, Centropages typicus, Ctenocalanus vanus, Euchirella rostrata, Pseudodiaptomus marinus, Temora stylifera, Clausocalanus parapergens, and Paracalanus quasimodo) predicted each of them as unique biological entity, confirming morphological description. Other four species (Acartia clausi, Nannocalanus minor, Paracalanus indicus, and Pleuromamma gracilis) showed instead signals of crypticity since bPTP fragmented the nominal species into different subgroups. Sequences of Paracalanus indicus inferred four potential species (species number 60, 88, 136,137, Supplementary Table 1). Sequences of Acartia clausi were also split and bPTP predicted the presence of five different species (species numbers 26, 91, 92, 93, 94, Supplementary Table 1) with our sequences placed together with other four sequences from a Mediterranean site (France, Sete Channel). Nannocalanus minor sequences were predicted as three species and one of them (species 58) only included our Mediterranean specimens (species numbers 57, 58, 59, Supplementary Table 1). Finally, molecular data from Pleuromamma gracilis have been predicted to include seven species, one of them including P. piseki (species numbers 78, 96, 97, 98, 103, 118, 119, Supplementary Table 1) and the others sequenced from Atlantic and Pacific Oceans.

Phylogenetic networks showed different patterns in the four dominant neritic calanoid copepods at LTER-MC (A. clausi, C. typicus, P. parvus, and T. stylifera), as well as in the offshore species C. helgolandicus (Figures 7A–D). Both in A. clausi (Figure 7A) and T. stylifera (Figure 7B), haplotypes showed a clear separation based on the geographical origin of the specimens, and reticulate structures were absent. In A. clausi, seven haplotypes from the North Sea (H_2-H_6, H_10, and H_13) were separated from four haplotypes from the Mediterranean Sea including our sequences (H_1, H_11, H_12, and H_14) and three from the Black Sea (H_7-H_9). A similar pattern was found in T. stylifera with a clear separation between the three haplotypes from the Atlantic Ocean (H_4, H_5, and H_8) and the five ones from the Mediterranean Sea (H_1-H_3, H_6, and H7). The C. typicus network (Figure 7C) generated a dominant haplotype including different areas connected with several minor haplotypes without any clear geographical signal. The C. helgolandicus phylogeographic network (Figure 7D) showed the presence of a cosmopolitan haplotype (H_1), including individuals from all the geographic areas except the Adriatic Sea: ten from the North Sea, three from the Atlantic Ocean and two from the Mediterranean Sea (one of which isolated from the Gulf of Naples). This haplotype was surrounded by several other unique haplotypes, mainly from the North Sea. Specimens of C. helgolandicus from the Adriatic Sea (H_3, H_8-H_11, H_22, H_25, and H_26) and from the Black Sea (H_37) were not included in the H_1 haplotype, but were found as single haplotypes weakly connected with the other geographical locations. The second most abundant haplotype of the network (H_6) was shared between C. helgolandicus and C. euxinus species, and included two specimens of C. helgolandicus (one from the North Sea and one from the Adriatic Sea) and three specimens of C. euxinus (two from the Black Sea and one from the Adriatic Sea). All other specimens of C. euxinus (H_7, H_13, H_14, H_24, H_27, H_28, and H_38) and C. helgolandicus (H_37) from the Black Sea did not show links with other geographical areas, apart from one haplotype from the Adriatic Sea (H_12). The network for P. parvus revealed an intricate structure owing to the occurrence of a species complex, and consequently to the absence of a commonly agreed morphologically based standard reference (Supplementary Figure 3).


[image: image]

FIGURE 7. Phylogenetic networks of four species including all intraspecies specimens: (A) Acartia clausi; (B) Temora stylifera; (C) Centropages typicus; (D) Calanus helgolandicus/C. euxinus. Each circle represents a single haplotype and its diameter is proportional to the number of individuals carrying the haplotypes, the smallest circles representing a single individual. The length of connecting lines is proportional to the number of base substitutions between two haplotypes.




DISCUSSION

Our results confirm the mutual dependency of morphological and molecular taxonomy, and support the usefulness of integrative approaches to build a more comprehensive framework not only for species identification (α taxonomy), but also to provide the basic tile to reconstruct the complex mosaic of the ecological, genetic and phylogeographic relationships between different populations (Ω taxonomy).

Studies on the taxonomy of copepods in the Gulf of Naples boast an ancient tradition (Giesbrecht, 1892), and over the years the investigation of planktonic metazoans at LTER-MC has retained a phenotypic approach (Di Capua and Boxshall, 2008; Mazzocchi et al., 2011; Zingone et al., 2019). However regular observations of zooplankton samples and the development of specialized taxonomic expertise have led to a clear demonstration of the high diversity of this assemblage, which also needs investigation at the molecular level (Di Capua et al., 2017, 2021; Kasapidis et al., 2018). Overall, precise identification of calanoid copepods is fully supported by our results using both morphological and molecular approaches, revealing their real taxonomic biodiversity. Such integrated approach is fundamental to deposit only high-quality sequences correctly annotated with proper species identification names in WORMS and BOLD. In addition, the generation of validated sequences is crucial for laying the foundation and keeping updated a functional and reliable barcode reference library for the Mediterranean coastal areas, starting from the Gulf of Naples due to its high representativeness.

In addition to a very difficult taxonomic identification, also DNA extraction from calanoid species is challenging (Bucklin and Wiebe, 1998; Bucklin et al., 1999; Lindeque et al., 1999; Cornilis, 2015), due to the small size of the analyzed specimens and to the presence of a chitinous exoskeleton. In the present investigation DNA was successfully extracted and amplified in individual specimens of twelve out of the sixteen species targeted (75%), in line with previous works (Cornils and Held, 2014; Cornilis, 2015; Baek et al., 2016). Our dataset includes females of studied calanoid species due to their high abundance and sex ratio in our samples. However, recent studies (Francis and Nishida, 2018; Francis and Bijoy Nandan, 2019) suggest that morphological and genetic data should be generated and established both for female and male specimens. The mitochondrial gene COI, considered the gold standard for metazoan identification (Hebert et al., 2003a,b), proved itself to be a good marker for species delimitation (Bucklin et al., 2010c,2011, 2021; Blanco-Bercial et al., 2014; Cornils and Held, 2014). To reduce the possible occurrence of false positives, a multimarkers approach has been suggested as a viable solution to permit a more robust identification of organisms at different levels (Zhang et al., 2018; Berry et al., 2019). Most molecular phylogenetic studies in copepods, however, are carried out using single genes, typically COI or 18S (Bernot et al., 2021). Among the two, COI ensures detection of species-level diversity while 18S is more suitable for genus or family level investigations (Stefanni et al., 2018). Based on these premises, the present investigation focused on COI only, without including additional markers, and our sequences confirm that COI barcoding can accurately identify calanoid copepods of widespread different genera, also at species level. We also highlight and detect crypticity, a phenomenon very common in copepod assemblages (Dippenaar et al., 2010).

The phylogenetic tree displays a topology well in line with established cladistics studies based on calanoid morphology (Bradford-Grieve et al., 2010) and in agreement with the evolution of calanoid suborder (with families included) revised by Andronov (1991). The phylogenetic tree generated by the integration of BOLD data represents an overview of the evolutionary relationships among calanoid copepods, and shows a general monophyly and better resolution at the genus level.

DNA taxonomy using different approaches reveals the existence of the complex for Paracalanus spp., Pleuromamma gracilis, Nannocalanus minor, and Acartia clausi. In particular, the molecular identification of the Paracalanus complex confirms the identification of Paracalanus indicus, with our sequences for this species grouped in a big clade, including most of the sequences available from different countries (Australia, Algeria, Spain, Mexico, Tunisia, and Greece), and also supports the occurence of the cryptic species Paracalanus quasimodo in the Gulf of Naples, as reported also by Kasapidis et al. (2018). However, five specimens identified as P. parvus based on detailed morphological characters evident at the SEM were genetically identified as P. quasimodo using BOLD references, confirming the problematic assessment of Paracalanus species. Bowman (1971) already reported on the difficulty to distinguish P. parvus from P. quasimodo based on morphology using light microscopy only. The first description of P. quasimodo was proposed for Paracalanus specimens collected in Florida on few individuals very similar to P. parvus (Bowman, 1971). The name quasimodo derived from the main character of Victor Hugo’s classic novel “The Hunchback of Notre Dame,” alluding to the distinctive hump of the prosome (visible in lateral view). This morphology, however, cannot be considered a diagnostic character, because it could also be due to internal parasites (Ianora et al., 1987). P. parvus, in fact, can be parasitized by Blastodinium and Atelodinium and other endoparasites (Ianora et al., 1987; Ohtsuka et al., 2004), which can induce some prosome modifications (Ianora et al., 1987; Di Capua pers. obs). Detailed molecular COI analyses of P. quasimodo specimens from the type locality (Florida) are needed to disentangle this issue and clarify the taxonomic value of this nominal species, disentangling a species complex comprising 12 putative species of Paracalanus collected around the world (Cornils and Held, 2014).

Other two cases of cryptic species are represented by the two species Pleuromamma gracilis and Nannocalanus minor, described for the first time in the Mediterranean Sea and considered cosmopolitan. Indeed, species delimitation of these two morphological species predicted ten putative species. Even if this species number could be an overestimation, it is a clear signal of a potential cripticity in these genera. Interestengly, putative species delimitated within the same morpho-molecular data correspond to different geographical areas of sampling, suggesting a mechanism of allopatric speciation, across varied pelagic habitats, as observed by Halbert et al. (2013) and Blanco-Bercial et al. (2014).

Our sequences of Pleuromamma gracilis and Nannocalanus minor, the first for the Mediterranean Sea, represent the molecular fingerprint of these species near their type locality (Messina, Southern Tyrrhenian Sea), where Claus made the first descriptions in 1863. Among the seven putative species predicted, our data of P. gracilis clustered with other references, but the same clade included also references of P. piseki, suggesting a morphological misidentification of the latter (Blanco-Bercial et al., 2014). Yet, the prediction of three species for Nannocalanus minor correspond to specimens collected in different areas of Atlantic Ocean. Indeed, as previously described, Nannocalanus minor showed, throughout the Gulf Stream and the Sargasso Sea, two genetically distinct types (distinguished by 10% sequence difference of mtDNA 16S) differing also in size range and in geographic distribution (Bucklin et al., 1996).

Our results, furthermore, may also shed light onto the questionable status of C. helgolandicus and Calanus euxinus. C. helgolandicus is a widespread epipelagic copepod extending from the Atlantic Ocean to the Mediterranean Sea (Fleminger and Hulsemann, 1977), while C. euxinus is a relict species of the Black Sea (Hulsemann, 1991). Fleminger and Hulsemann (1987) were the first to propose the existence of distinct C. helgolandicus populations in the Atlantic Ocean, the Mediterranean Sea and the Black Sea, while Hulsemann (1991) proposed C. euxinus as a distinct species. The two congeneric copepods are distinguished based on subtle morphological differences (Fleminger and Hulsemann, 1987), and show little genotypic difference (Papadopoulos et al., 2005; Unal et al., 2006). Molecular COI analyses supported with 100% similarity confirm the morphological identification of our specimens as C. helgolandicus (based on total body length, habitus, fifth leg and inner margin of basipodite 1 of fifth leg). On the other hand, a close relationship among the genotypes of both species and the topology of the resulting phylogenetic tree suggest a pseudo-cryptic status. In addition, network analyses of C. helgolandicus and C. euxinus show the presence of a shared haplotype (H_6) between specimens of both species, including two individuals of C. helgolandicus collected in the North Sea and the Adriatic Sea, respectively (Lauritano et al., 2013), and three specimens of C. euxinus, two from the Black Sea and one from the Adriatic Sea. The presence of this shared haplotype, reported also by Papadopoulos et al. (2005), suggests that the nominal species C. helgolandicus and C. euxinus might not be distinct, as confirmed by species delimitation analyses.

The phylogenetic networks confirmed the presence, within the species, of biogeographical patterns with different populations, or putative species, according to the different geographic origin of specimens. This confirms the importance of the generation of intraspecies reference barcodes covering their native distribution, not only to evaluate intraspecies diversity, but also to highlight the presence of new emerging lineages. The networks of T. stylifera and A. clausi showed a clear separation between northern and southern populations of both species without signals of gene flow between (reticulation) the two geographic clusters of haplotypes. Such pattern could be due to insufficient references; however, four potential species, corresponding to different geographic areas (North Sea, Black Sea, and Mediterranean Sea) or habitat (Thau lagoon), could be predicted for the complex A. clausi with high support (0.99–1%) through bPTP.

The integration of morphological and molecular taxonomic approaches carried out in the present work provides a further confirmation of the appropriateness of integrated methods for the identification of copepods, as demonstrated also for other organisms (Fontaneto et al., 2015; Avó et al., 2017; Mills et al., 2017; Guimarães-Costa et al., 2020). The success of using barcoding for single-species identification depends on the presence of high-quality reference data available in public sequence libraries (Bucklin et al., 2021). This emphasizes the dual-way benefit of the integrated approach, where a sound phenotypic-based identification can lead to species-specific barcodes, while high-quality sequences can be used for an exact naming of the species (as, for example, in metabarcoding studies). The creation of robust, quality-controlled DNA sequences is therefore fundamental to build reliable libraries to be used as a basis to understand not only the biodiversity of a given region, but also to identify the connections between populations and the evolutionary patterns of species (Djurhuus et al., 2018; Berry et al., 2019). The molecular identification, however, still needs the close verification of the morphological descriptive characters for a perfect pairing of the information (Wiens, 2007; Karanovic et al., 2016). This holds in particular for those species with hardly distinguishable keys, in which case a “turbo taxonomy” approach (i.e., based on few taxonomic details) (Butcher et al., 2012) is not suitable, whilst the support of experienced morphological taxonomists is irreplaceable. The generation of sequences should therefore be promoted not only for the rare, cryptic, and difficult to discriminate species, but also for those easy to identify, common and dominant.
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