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DNA barcoding is a method of identifying individual organisms using short DNA fragments matched to a database of reference sequences. For metazoan plankton, a high proportion of species that reside in the deep ocean still lack reliable reference sequences for genetic markers for barcoding and systematics. We report on substantial taxonomic and barcoding efforts across major zooplankton taxonomic groups collected from surface waters to the rarely sampled abyssopelagic zone (0 – 4300 m) from the Gulf of Alaska, North Pacific Ocean. Over 1000 specimens were identified, from which the mitochondrial 16S and COI and nuclear 18S rRNA genes were sequenced. In total, 1462 sequences for 254 unique taxa were generated, adding new barcodes for 107 species, including 12 undescribed species of cnidarians, that previously lacked DNA sequences for at least one of the three genes. Additionally, we introduce the use of a new Open Nomenclature qualifier deoxyribonucleic acid abbreviation DNA (e.g., Genus DNA species, DNA Genus). This qualifier was used for specimens that could not be morphologically identified but could be assigned a low-level taxonomic identification based on the clustering of DNA barcode genes using phylogenetic trees (100% bootstrap support), where at least one of the sequences in that clade could be referred to a physical specimen (or photographs) where identification could be corroborated through morphological analyses. DNA barcodes from this work are incorporated into the MetaZooGene Atlas and Database, an open-access data and metadata portal for barcoding genes used for classifying and identifying marine organisms. As environmental sequencing (i.e., metabarcoding, metagenetics, and eDNA) becomes an increasingly common approach in marine ecosystem studies, continued population of such reference DNA sequence databases must remain a high priority.




Keywords: 18S, 16S, COI, DNA reference database, MetaZooGene




1 Introduction

DNA barcoding is a method of identifying individual organisms to the species level by matching short DNA sequences known as DNA barcodes (Hebert et al., 2003; Bucklin et al., 2011) to reference sequences derived from reliably identified specimens. DNA barcodes have become an exceptional tool for studying marine zooplankton communities that are fundamentally complex in terms of their biodiversity, phylogeny, and ecology. Zooplankton communities are composed of both holoplankton (organisms that are pelagic for their entire life cycle) and meroplankton (organisms that split their cycle between benthic and pelagic phases/stages) that collectively have representatives from 15 phyla and 41 functional groups (WoRMS, 2024). It is challenging for taxonomists to effectively describe the broad-spectrum of zooplankton assemblages within an ecosystem because of the presence of morphologically indistinct meroplanktonic larvae and early life stages of holoplankton, morphologically similar sibling and identical cryptic species, and fragile gelatinous organisms that are often damaged during collection. The many taxonomic challenges associated with zooplankton make it difficult to effectively describe local assemblages as well as broader communities inhabiting pelagic ecosystems. DNA barcoding and metabarcoding approaches make it easier to identify organisms to the species-level at any life stage, fostering an improved understanding of biodiversity, community structure, and biogeographical patterns that are otherwise difficult to obtain through morphological approaches.

The mitochondrial cytochrome oxidase I subunit (COI) is the most broadly applied, standard barcode gene for its ability to identify organisms to the species level across all life stages of marine metazoans (Bucklin et al., 2010c). COI has been used extensively to examine intra- and interspecific variation in almost every major taxonomic group represented within the zooplankton community (Bucklin et al., 2021). COI is a powerful marker for measuring levels of biodiversity in the pelagic ecosystem through the detection of cryptic species, a phenomenon that has emerged as being more prolific than previously thought as large-scale and global molecular analyses are conducted on species of zooplankton (Lee, 2000; Holland et al., 2004; Miyamoto et al., 2012; Cornils et al., 2017). Nonetheless, COI has some notable drawbacks when applied to all groups of zooplankton (see Bucklin et al., 2011). For example, the slower evolutionary rate of COI in anthozoan cnidarians and sponges reduces intra- and interspecific genetic distances, decreasing the barcode gap necessary for reliable species-level identifications (Meyer and Paulay, 2005; Hellberg, 2006) of pelagic stages of species in these largely benthic groups. In addition, the existence of COI pseudogenes and primer mismatch across medusozoan diversity has led to a situation where mitochondrial 16S ribosomal RNA (rRNA) has been applied far more successfully than COI to identify medusozoans to the species level (Lindsay et al., 2015). For ctenophores and larvaceans (a.k.a., appendicularians) successful amplification of COI has proven even more problematic when using “universal” COI primers. Creating reference libraries in such cases can require extensive work on primer design and experimentation (see Christianson et al., 2022 on ctenophores). While 64% of the described species of ctenophores have reference COI sequences, only 8% of larvacean species have COI references available (MetaZooGene Atlas and Database, 2024). In the absence of the application of many and varied family- and species-specific primers (e.g., COI for ctenophores by Christianson et al., 2022), alternative markers are adopted by some communities, for instance the Internal Transcribe Spacer (ITS) is being used to distinguish recently diverged lineages of larvaceans (Masunaga et al., 2022).

In addition to mitochondrial markers, the nuclear 18S rRNA gene can detect divergence across invertebrate and vertebrate taxa and is routinely analyzed in environmental sequencing studies (i.e., metabarcoding, metagenetics, and eDNA). Although 18S rRNA is not a reliable gene for obtaining species-level identification for zooplankton, and thus not a true barcode gene by definition, hypervariable regions of 18S can reliably discriminate genera, families, and higher taxonomic groups and amplify taxa that are difficult to target with COI (Bucklin et al., 2019; Blanco-Bercial, 2020; Questel et al., 2021; Matthews and Blanco-Bercial, 2023). Due to its ability to detect a broader range of taxonomic groups, 18S metabarcoding can provide a more complete characterization of a biological community than COI (Casey et al., 2021; Questel et al., 2021; Zhao et al., 2021). Thus, metabarcoding analyses that incorporate multi-gene markers can provide unbiased estimates of marine eukaryotic biodiversity.

Over the past few decades, DNA barcoding programs focused on marine zooplankton include: the global Census of Marine Zooplankton (CMarZ; Bucklin et al., 2010b), the Census of Antarctic Marine Life (CAML), Barcodes of Marine Zooplankton in China (BoMZC), Arctic Ocean Diversity (ArcOD; Bucklin et al., 2010a), Marine Barcode of Life (MarBOL; now the International Barcode of Life), the Norwegian Barcode of Life (NorBOL), and the Bureau of Ocean Energy Management (BOEM) DNA barcoding program at the Smithsonian National Museum of Natural History. These programs, and other small-scale efforts (e.g., Cheng et al., 2013; Baek et al., 2016; Questel et al., 2021) have made substantial progress in barcoding pelagic species. DNA barcodes from zooplankton collected and sequenced across the global ocean have, and continue to be, incorporated into reference DNA sequence databases (e.g., SILVA and MetaZooGene) for the taxonomic assignment of millions of unknown reads analyzed in environmental sequencing studies.

It is estimated that between 1 - 2 million eukaryotic species currently exist in the global ocean (Mora et al., 2011; Rogers et al., 2023). Given that roughly a quarter million accepted species have been named and described (WoRMS, 2024), roughly 75 – 88% of marine species remain undescribed, presenting a major challenge to understanding marine ecosystems. Much of our knowledge about the biodiversity of metazoan plankton in the global ocean comes from observations from the epipelagic zone whereas the deep ocean, defined as waters below 200 m, is the largest biome on Earth and yet remains vastly understudied (Robison, 2008; Webb et al., 2010; Levin et al., 2019). It is thus plausible that much of the undescribed marine biodiversity currently lies within the deep ocean environment.

The North Pacific Ocean is known to be inhabited by 17,264 described invertebrate species (Figure 1), of which 5,548 are crustaceans - including 911 copepod species - and 11,716 belong to non-crustacean groups (MetaZooGene Atlas and Database, 2024). Across the North Pacific Ocean, the zooplankton communities from the epipelagic zone (0 – 200 m) are well described and studied. Few studies of mid- to deep-water zooplankton communities exist, with most species’ inventories originating from sampling conducted at Ocean Station Papa in the eastern North Pacific, the Hawaii Ocean Time-series (HOT Station ALOHA), and Japanese time-series station K2 (Miller et al., 1984; Mackas et al., 1998; Yamaguchi et al., 2002; Steinberg et al., 2008) or station P in Sagami Bay (Shimode et al., 2006). Sampling below the mesopelagic has occurred at locations across the western and central North Pacific and the Bering Sea basin (Homma and Yamaguchi, 2010; Stabeno et al., 2012; Yamaguchi et al., 2015) where zooplankton communities have been described from the bathypelagic zone. However, many studies have focused on group-specific assemblages and not the entire zooplankton community, leaving a large gap in our knowledge of the true levels of pelagic diversity for the North Pacific Ocean.




Figure 1 | 
Map and statistics of marine invertebrate observations based on COPEPOD/OBIS (light blue circles) and DNA barcodes available in GenBank and BOLD (red stars) for the North Pacific Ocean. Data and figure from MetaZooGene Atlas and Database (https://metazoogene.org/atlas; accessed 18 October 2024).



Of the known zooplankton species documented in the North Pacific, only 44%, 28%, and 18% have DNA reads available for COI, 16S, and 18S rRNA, respectively (MetaZooGene Atlas and Database, 2024; Figure 1). Thus, the lack of studies of zooplankton communities from the global deep ocean has created a deficit in both estimates of biodiversity and DNA barcodes from currently described species, not to mention those in need of formal names and descriptions. Few studies have focused on DNA barcoding zooplankton communities from the deep ocean, with notable efforts in the Atlantic Ocean where zooplankton were barcoded from depths down to 5000 m (Wiebe et al., 2010). Our objectives were to identify and sequence the COI, 16S, and 18S rRNA genes from zooplankton collected from surface waters to the abyssopelagic zone (0 – 4300 m) in the Gulf of Alaska, North Pacific Ocean. These efforts will increase the representation of taxa for multiple genetic markers in reference DNA sequence databases routinely used in environmental sequencing studies, adding to efforts towards a global reference database for DNA barcodes of marine zooplankton (Bucklin et al., 2021).




2 Materials and methods



2.1 Study area

The Gulf of Alaska is a distinct habitat within the North Pacific Ocean, bounded by the eastward flowing North Pacific Current that separates the subarctic Gulf of Alaska from the subtropical California Current System (Sutton et al., 2017). To the north and east, the Gulf of Alaska is bordered by highly productive shelf and coastal ecosystems, while offshore waters are presumed to be less productive under a High Nutrient Low Chlorophyll (HNLC) regime (Martin et al., 1989). Within these HNLC waters lies the Gulf of Alaska Seamount Province, a region characterized by hundreds of extinct submarine volcanoes (Menard and Dietz, 1951). The Seamount Province is composed of two distinct chains, the Kodiak-Bowie Seamount Chain that spans 900 km from the Aleutian Trench off eastern Kodiak Island (USA) to Queen Charlotte Island (CAN) and, to the south, the Cobb Seamount Chain that extends from the Aleutian Trench off western Kodiak Island to the Cobb hotspot on the Juan de Fuca Ridge (Menard and Dietz, 1951; Chaytor et al., 2007).

The pelagic ecosystem from surface waters to the abyssal plains was surveyed from 22 July – 2 August 2019 aboard the R/V Sikuliaq. Sampling was conducted at six oceanographic stations, including the transition zone from the Seward Line in the Northern Gulf of Alaska (https://nga.lternet.edu/) to the Quinn and Giacomini seamounts, located along the northern extent of the Kodiak-Bowie Seamount Chain (Figure 2). Surveys were conducted at the Quinn and Giacomini seamounts, sampling from surface waters to the summit (~650 m deep) and to the abyssal plain where the base of the seamounts lie between 4000 and 5000 m depth.




Figure 2 | Location of the stations sampled for zooplankton in the Gulf of Alaska during the 2019 NOAA OE Seamounts cruise.






2.2 Zooplankton collection for DNA barcoding

Zooplankton were collected using a variety of sampling techniques (Table 1). Two MultiNet Plankton Samplers Type Midi (0.25 m2; Hydro-Bios) each equipped with five 150-µm mesh plankton nets were fastened together and deployed in tandem (Figure 3); one MultiNet system was receiving and transmitting live feed from a 0.322 conducting wire, while the trigger depths for each net on the other MultiNet system were programmed before deployment. Securing two MultiNet systems together maximized wire time, a vital resource when conducting hours-long casts to the abyssopelagic zone. The MultiNet systems were equipped with five nets and thus required two sequential vertical casts to sample the entire water column for the following depth bins: 0 – 40 – 100 – 200 – 300 – 400 – 600 – 1200 – 2000 – 3000 – bottom (Table 1). When necessary, the top two strata were combined. Net samples from one MultiNet were preserved in 10% buffered formalin-seawater for taxonomic analysis, while net samples from the second MultiNet were split with a Folsom plankton splitter. One half of the sample was preserved in 95% ethanol while the other half was used for live sorting.


Table 1 | Sampling data and net collection depth bins from stations occupied during the 2019 Gulf of Alaska Seamounts expedition. MN, MultiNet; MOC, MOCNESS; ROV, Remotely Operated Vehicle.






Figure 3 | The tandem MultiNet (150 µm; left) and MOCNESS (505 µm; right) plankton net systems deployed from the R/V Sikuliaq during the 2019 Gulf of Alaska Seamounts expedition.



A 1 m2 Multiple Opening/Closing Net and Environmental Sensing System (MOCNESS; Wiebe et al., 1985) was deployed following the tandem MultiNet (Figure 3). The MOCNESS was equipped with 505-µm mesh nets and sampled the following depth bins: 0 –100 – 200 – 300 – 400 – 600 – 1200 – 2000 – 3000 m (Table 1). Since the MOCNESS has a larger mouth diameter than the MultiNet (1 m2 vs 0.25 m2) and thus filters a larger volume of water, samples were split twice. One half of the net sample was preserved in 10% buffered formalin-seawater for taxonomic analysis whereas the second half was split again; one quarter was preserved in 95% ethanol and the other quarter was used for live sorting. All bulk ethanol plankton net samples were stored at -20 °C and complete ethanol changes were performed ~24 hours after initial preservation.

In addition to traditional plankton net sampling, the Global Explorer ROV (Oceaneering, Houston, TX) conducted pelagic dives down to ~2550 m (Table 1). ROV operations focused on organisms larger than 1 cm and of the gelatinous zooplankton group (e.g., ctenophores, medusae, larvaceans; Bailey et al., 1995). Specimens were collected with a rotary carousel suction sampler (Youngbluth, 1984b) or static “D-samplers” (Youngbluth, 1984a). At all stations, ROV dives transpired during daytime operations (0800 – 2000) while plankton net deployments were conducted during nighttime operations (2000 – 0800).




2.3 Morphological identification of mesozoooplankton

All mesozooplankton were identified based on current taxonomic literature (e.g., Boxshall and Halsey, 2004). Organisms were identified at sea from live collections from both the plankton net samples and the ROV collections described above. Once on board, organisms from the ROV and plankton net tows were immediately transferred to a cold room maintained at 4 °C until sorting and identifications could be performed. Zooplankton were identified to the lowest taxonomic level feasible at sea using Leica MZ16, M165C, or M205C stereomicroscopes, catalogued into cryogenic vials, and preserved in 95% pre-chilled ethanol for DNA sequencing. For each catalogued specimen, a matching formalin voucher was created for taxonomic integrity. In instances when large, rare organisms from gelatinous zooplankton groups could not have a taxonomic voucher, tissue samples were cut off and preserved in ethanol while the remainder of the organism was preserved in formalin. For ROV samples, video imaging and photographs were captured in situ with an Ultra-high definition (UHD) 4K and stereo high definition (HD) camera systems prior to collection. The video clips (Apple ProRes 4:2:0 codec,.mov files with embedded timecode) serve as further voucher "material." Organisms from net collections were photographed using a 12MPix Spot Insight camera (uncompressed JPEG) mounted to a Leica stereomicroscope.

Organisms that could not be identified to the species-level at sea were more closely examined back at the University of Alaska Fairbanks using both regional and phylum- or family-specific taxonomic keys and original descriptions. Due to morphological complexity, incomplete taxonomic keys, damaged specimens, and the lack of descriptive studies on zooplankton from the deep ocean, some specimens were unable to be identified to species. For these instances we used Open Nomenclature (ON) qualifiers defined in Horton et al. (2021) and Sigovini et al. (2016). To the best of our knowledge, there is no qualifier for specimens assigned a taxonomic identification based on molecular data. Thus, we introduce the new ON qualifier deoxyribonucleic acid, abbreviation DNA (e.g., DNA Genus, Genus DNA species) for specimens assigned a genus- or species-level identification based on clustering (100% bootstrap support) of DNA barcode genes using phylogenetic trees against preexisting barcodes derived from expertly identified specimens, where at least one of the sequences in that clade could be referred to a physical specimen (or photographs) where identification could be corroborated through morphological analyses.




2.4 DNA barcoding

DNA barcoding was performed at the Smithsonian’s Laboratory of Analytical Biology (L.A.B) at the National Museum of Natural History (Washington D.C.) from the ethanol-preserved tissue samples catalogued at sea. Genomic DNA (gDNA) was extracted using a phenol-chloroform method on an AutoGenprep 965 Automated DNA Isolation System (AutoGen Inc., Holliston, MS, USA) following manufacturers’ protocols. For small taxa (e.g., copepods and larvaceans) DNA was extracted from the entire organism while, for larger organisms (e.g., Cnidarians, ctenophore, chaetognaths, and larger crustaceans), non-diagnostic features such as legs or antennae were removed for extraction where possible.

Extracted gDNA was quantified using a SpectraMax iD3 Multi-Mode Microplate reader (Molecular Devices). Mitochondrial COI and 16S rRNA and nuclear 18S rRNA were amplified using previously published primers (COI: Folmer et al., 1994; Geller et al., 2013; 16S: Cunningham and Buss, 1993; 18S rRNA: Hillis and Dixon, 1991; Borchiellini et al., 2001). All PCR reactions were carried out in 10 µL reaction volumes containing 1 µL DNA template, 3.2 µL PCR grade H2O, 5.0 µL Promega GoTaq HotStart 2X Master Mix, 0.3 µL each forward and reverse primer, 0.1 µL BSA, 0.1 µL MgCl2. PCR protocols for each amplicon were as follows: COI: initial denaturation of 95 °C 7 min; 4 cycles of 94 °C 30 sec, 50 °C 45 sec, 72 °C 1 min followed by 34 cycles of 94 °C 30 sec, 45 °C 45 sec, 72 °C 1 min; final extension of 72 °C 8 min; 16S: initial denaturation of 95 °C 2 min; 35 cycles of 95 °C 30 sec, 50 °C 30 sec, 72 °C 1 min 30 sec; final extension of 72 °C 5 min; and 18S rRNA: initial denaturation of 95 °C 2 min; 35 cycles of 95 °C 30 sec, 52 °C 30 sec, 72 °C 1 min 30 sec; final extension of 72 °C 5 min. PCR products were visualized on a 1% agarose gel. Successful PCR products were purified with ExoSAP-IT Express (37 °C 4 min and 80 °C 1 min). Cycle sequencing was carried out on purified PCR product using the Big Dye Terminator v3.1 kit (Applied Biosystems) with each primer used for PCR amplification. Due to the amplicon length of 18S, the internal primer 18SCnew (5’-CAG CCG CGG TAA TTC CAG C-3’; Miranda et al., 2016) was sequenced to bridge the gap from the 3’ end of 18SE and the 5’ end of 18SL. Cycle sequencing product was cleaned using Sephadex G-50 powder and run on an ABI PRISM 3100 Genetic Analyzer.




2.5 Data management

Data management for DNA barcodes follows the Smithsonian Institution Barcode Network guidelines (Redmond et al., 2023) that abides by the Barcode Data Standard established by the Consortium of the Barcode of Life (CBOL; Hanner, 2012). Specimen, voucher, and sequence metadata are maintained in the SI Field Information Managements System Genomic Observatories MetaDatabase (FIMS-GEOME; https://geome0db.org/) and the Laboratory Information Managements System (LIMS) databases.




2.6 Data analysis

For each genetic marker, sequences were assembled, trimmed, manually checked for ambiguous base calling and stop codons, and aligned using MAFFT (Katoh et al., 2002) in Geneious Prime 2023.2.1 (https://www.geneious.com). Sequence names were annotated and assigned a species name using the Biocode plugin that links sequences in Geneious Prime to the SI FIMS and LIMS databases. Sequences were run against the NCBI GenBank database using BLAST (Altschul et al., 1997) to check for accuracy of species identifications and potential contamination. Due to the lack of barcode data for species from the North Pacific deep-sea ecosystem, this QA/QC step was only informative for species with existing reads in GenBank. Therefore, neighbor-joining (NJ) trees were constructed for each genetic marker to determine clustering for all groups of zooplankton. Once identifications were checked and confirmed, sequences were submitted to the National Institute of Health National Center for Biotechnology Information (NIH NCBI) Sequence Read Archive (SRA). 18S and non-cnidarian COI reads were submitted under BioProject PRJNA971221 whereas COI and 16S reads for cnidarians were submitted under BioProject PRJNA1077907.





3 Results



3.1 DNA barcodes

From this work, we generated 1462 new DNA sequences from 253 unique taxa from the Gulf of Alaska (Table 2 and Supplementary Table S1). DNA sequences were generated for COI from 781 specimens belonging to 73 families (GenBank Accession Nos. OR985931 – OR986516 & PP409229 – PP409419), 16S for 33 specimens belonging to 18 families (GenBank Accession Nos. PP356923 – PP356955), and 18S from 648 specimens belonging to 42 families (GenBank Accession Nos. PP032093 – PP032748). Sequences for all three genes encompassed organisms from 7 phyla including Arthropoda (Orders Copepoda, Amphipoda, Decapoda, Euphausiacea, Lophogastrida, and Isopoda), Cnidaria (Hydrozoa and Scyphozoa), Ctenophora (Tentaculata), Chaetognatha, Mollusca, Chordata (Tunicata), and Annelida.


Table 2 | Specimen list of zooplankton identified and sequenced for the mitochondrial COI and 16S and nuclear 18S rRNA genes from the Gulf of Alaska.



Phylogenetic relationships were analyzed for all three genes through Neighbor-Joining trees (Supplementary Figures S1 – Supplementary Figures S3). Mitochondrial COI reads clustered into major clades with >66% bootstrap support with 76% support for the order Copepoda, 50 – 100% for the phylum Cnidaria, 72% for the phylum Chaetognatha, 70 – 83% for the order Amphipoda, 66% for the order Euphausiacea, and 96 – 100% for the order Decapoda. Monophyletic relationships were resolved at 100% bootstrap support for sequences from the same species (Supplementary Figure S1). Nuclear 18S rRNA reads clustered into major clades with >89% bootstrap support (Supplementary Figure S2) with subclades forming at 97 – 100% support for the order Doliolida, 100% support for family Oikopleuridae, 70 – 100% support for the phylum Chaetognatha, 50 – 100% support for the order Pteropoda, 61 – 100% for the phylum Annelida, 60 – 100% support for the order Euphausiacea, 65 – 100% for the order Decapoda, and 51 – 100% for the order Lophogastrida. The order Amphipoda clustered – at 100% bootstrap support – into three distinct subclades with 18S reads from Koroga megalops (family Uristidae) forming the first clade, reads from Scina sp. (family Scinidae) forming the second clade, and reads from Primno sp. (family Phrosinidae) and Phronima sp. (Phronimidae) forming the third clade. All reads from the order Copepoda clustered at 100% bootstrap support with subclades clustering between 51 – 100%. (Supplementary Figure S2). Clustering patterns from COI barcodes were used in combination with morphological characteristics to help resolve taxonomic identifications for any unresolved COI and 18S reads, where possible. For Cnidarians, mitochondrial 16S reads clustered into major clades at >54% bootstrap support (Supplementary Figure S3). Reads from scyphozoans clustered at 100% bootstrap support while hydrozoans were split into two clades, represented by organisms from the subclass Hydroidolina (orders Siphonophorae and Anthoathecata) with 64% bootstrap support), then the subclass Trachylinae (orders Trachymedusae and Narcomedusae) with 96% bootstrap support.

From the zooplankton sequenced in this work, 107 species, were previously lacking barcode data from the North Pacific or the global ocean: 57 species for COI, 6 species for 16S, and 44 species for 18S (Table 2). Of the 107 species barcoded, 12 represent new species of cnidarians that are currently undergoing description. Additionally, 47 contributions were made across all markers where no sequence data were previously available for the genus level. The contributions included 11 genera of hydrozoan cnidarians: Halitrephes and Ptychogastria (Trachymedusae), Pandea (Anthoathecata), Cunina, Pegantha, Solmaris, and Solmissus (Narcomedusae), Mitrocoma and Ptychogena (Leptothecata), and Rudjakovia and Vogtia (Siphonophorae); 10 genera of copepoda: Arietellus (Arietellidae), Batheuchaeta and Pseudochirella (Aetideidae), Cephalophanes, Cornucalanus and Onchocalanus (Phaennidae), Pseudhaloptilus (Augaptilidae), Pseudoamallothrix (Scolecitrichidae), Pseudolubbockia (Lubbockiidae), and Ratania (Rataniidae); and one morphotaxon of ctenophores (Cydippida aka. "Ctenoceros"), pelagic tunicates (Doliolula), and isopods (Holophryxus).





4 Discussion

Globally, the deep-ocean pelagic environment is severely under-sampled (Robison, 2008; Levin et al., 2019), restricting our ability to confidently measure and characterize zooplankton biodiversity below the mesopelagic zone. Current knowledge on species inventories and subsequent biodiversity trends are biased towards organisms that survive net collections relatively undamaged such as copepods (Miller and Clemons, 1984, Yamaguchi et al., 2002 & Yamaguchi et al., 2015; Homma and Yamaguchi, 2010), shrimp (Kikuchi and Omori, 1985), chaetognaths (Ozawa et al., 2007; Terazaki and Miller, 1986), and decapods (Pakhomov et al., 2019). Incorporating alternatives to plankton net sampling methodologies such as ROVs equipped with advanced collection and imaging systems used in this study, has furthered our ever-evolving knowledge of deep pelagic biodiversity. Over the past few decades, imaging-based observations have revealed gelatinous zooplankton groups such as cnidarians, ctenophores, and larvaceans, organisms with body forms adapted to withstand immense pressures at depth, comprise a substantial portion of the pelagic diversity of the deep ocean (Robison, 2008). Of the 91 cnidarian species identified in this study, of which 12 are undescribed, roughly 30% were collected at depths below 2000 m, reflecting this increase in diversity and rarity among gelatinous taxa compared to the epi- and mesopelagic zones.

The lack of systematic approaches that incorporate morphological and molecular techniques for deep-sea studies of zooplankton has created a scarcity of zooplankton collections destined for DNA barcoding work. The process of DNA barcoding requires the skills and knowledge of expert taxonomists to correctly identify specimens to the species level so that a molecular ecologist can then sequence DNA barcode genes from them (Hebert et al., 2003). The population of DNA barcodes from life on Earth into publicly available databases is giving non-expert taxonomists the ability to accurately and reliably identify an unknown organism to the species level. The work accomplished herein provided many challenges. Not only are zooplankton communities inherently complex taxonomically, but the deep-sea environment itself is challenging to sample, is very time consuming, and requires ships capable of deploying gear to thousands of meters. These challenges have contributed to the general lack of zooplankton studies in deep waters and, as a result, has created a lack of expert taxonomists and the necessary taxonomic keys needed for identifying specimens from the bathy- and abyssopelagic zones.

Despite the many challenges that come with working in the deep-sea, we were able to collect zooplankton for combined morphological identifications and DNA barcoding. From this work, we have contributed 781 COI and 33 16S barcodes and 648 18S rRNA reads for a total of 1,462 DNA sequences for zooplankton collected from the deep-water environment of the Gulf of Alaska. The DNA sequences generated in this study represent 254 unique taxa spanning 4 phyla, of which 107 species were lacking any publicly available DNA sequences prior to this work. The species list presented in Table 2 is not an exhaustive list of the >1,000 organisms collected from the region. Sequencing for the COI, 16S, and 18S genes was not successful for all specimens, or produced reads that were contaminated or of low quality. Additionally, high-quality sequences analyzed from organisms that could not be confidently identified past Family through morphological or molecular means were not submitted to GenBank. The inability for the GenBank BLAST search to further refine and aid in the genus- or species-level identification of these organisms is a direct outcome for the need to continue DNA barcoding of pelagic organisms. These results also highlight the overall importance our contributions will make in aiding future zooplankton identifications through molecular approaches.

To date, few groups of zooplankton are >50% complete for COI, 16S, or 18S reads for known species with distribution records in the North Pacific (MetaZooGene Atlas and Database, 2024; Table 3). Not surprisingly, decapods and euphausiids, the more robust yet species-poor groups of crustaceans, have COI reads for 75% and 89%, respectively, of the documented species in the region. However, copepods, the second most species-rich planktonic crustacean in the North Pacific, are only 29% complete for COI and 13% complete for 18S. Thus, continued DNA barcoding remains a high priority on both local and global scales, with further collection efforts needed from depths below 1000 m where the potential for new species discoveries is promising (Wiebe et al., 2010). Increased sampling efforts and collections destined for DNA barcoding will create more complete reference DNA sequence databases that are currently hindering taxonomic assignments of reads produced from high-throughput sequencing for environmental sequencing studies (see Bucklin et al., 2021). More complete reference DNA sequence databases will not only facilitate improved characterization of pelagic communities (see Questel et al., 2021) but will also support biodiversity, phylogeographic, and population genetic studies, as well as aid in the detection of cryptic species or morphotypes (Blanco-Bercial et al.., 2011; Blanco-Bercial et al., 2014; Questel et al., 2016; Cornils et al., 2017; Miyamoto et al., 2012; Hirai et al., 2017; Miglietta and Pruski, 2023; Moura et al., 2023, and many others).


Table 3 | Heatmap showing progress of DNA barcoding for invertebrate functional groups from the North Pacific Ocean. Color shading reflects completion of DNA barcoding: red = 0% and dark green = 100%.
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Supplementary Figure 2 | Neighbor-joining tree of 33 16S sequences. Branch labels indicate bootstrap values after 1,000 replications. The Calanus glacialis 16S sequence (Accession No. FJ628357) was included as an outgroup for rooting the tree.

Supplementary Figure 3 | Neighbor-joining tree of 656 18S rRNA sequences. Branch labels indicate bootstrap values after 1,000 replications. The Eumetopias jubatus 18S sequence (Accession No. XR_003608062) was included as an outgroup for rooting the tree.
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Aurelia hyalina

A. labiata

Bargmannia elongata*
Bargmannia sp. stet. dna elongata
Bougainvillia sp. nov$
Bythotiara depressa*
Calycopsis nematophora$
Catablema sp.

Chelophyes appendiculata*
Chrysaora melanaster
Chrysaora cf. melanaster
Chuniphyes moserae*

Chuniphyes multidentata

Chuniphyes sp. indet. dna multidentata

Clausophyes moserae*
Cordagalma bimaculatum*
Cordagalma cf. bimaculatum
Coronatae sp. cf. Periphylla
Cunina indet.nt

Cyanea tzetlinii

Dimophyes arctica*

Euphysa flammea

Eutonina indicans

Cnidaria cont.
Forskalia asymmetrica
Halicreatidae gen. nov. sp. nov.#
Halicreatidae sp. nov.
Haliscera bigelowi#$
Haliscera f. bigelowi
Halitrephes sp. nov.a
Lensia achilles

L. cf. achilles

L. asymmetrica*

L. baryi*

L. conoidea

L. havock*

L. sp. dna quadriculata*
L. multicristata

Leptothecata sp. stet. cf. Mitrocoma
cellularian

Maresearsia praeclara
Marrus orthocanna
Marrus sp. dna orthocanna

Melicertum octocostatum

Mitrocomella polydiademata
Modeeria rotunda
Nanomia aff. bijuga dna septata

Narcomedusa cf. Pegantha cf.
Jubanyella stet. dna Peganthan

Narcomedusa sp. indet. cf. Cuninidae
cf. Solmarisidae dna Solmissus

Nectadamas diomedeae*
Nectopyramis natans
Nectopyramis thetis*
Pandea clionisn

Pandea rubrant
Pantachogon haeckeli*
Pegantha sp. stet.xt
Pegantha cf. martagon*
Pegantha cf. triloba*

Pegantha cf. triloba indet.

Periphylla periphylla
Phacellophora camtschatica
Poralia rufescens
Ptychogastria sp. nov.#

P. polaris

Ptychogena sp. nov.*

P. hyperborea*n
Rudjakovia sp
Sigiweddellia sp. nov.*
Solmaris sp. sensu Arai et al 2000#
Solmissus bleekii*$
Solmissus cf. incisa
Solmissus sp.

Solmissus sp. indet.
Solmissus sp. nov.#
Solmundella bitentaculata
Sphaeronectes sp. stet.
Staurostoma mertensii
Ulmaridae gen. nov. sp. nov.#
Vogtia sp. indet.
Copepoda

Aetideopsis retusa*f

A. rostrata

Aetideus cf. pacificust
Arietellus sp#f

A. aff. plumifer

A. of. plumifer#t

A. simplex#}

Augaptilus cornutust
Augaptilus stet.
Batheuchaeta lamellatat
Bathycalanus sp.

B. bradyit

Copepoda

Calanus pacificus
Candacia columbiae
Cephalophanes frigidus
Cornucalanus sp.#}
C. indicus#}
Euaugaptilus stet.*}
dna Euaugaptilus sp.
Eucalanus bungii
Euchirella rostrata
Gaetanus indet.

G. brevirostris*f

G. brevispinus

G. kruppiit

G. minutus

G. paracurvicornist
G. robustust

G. simplex*t

G. tenuispinus

Haloptilus indet.

Haloptilus stet.
H. cf. longicirrus*#

H. pseudooxycephalust

Heterorhabdus stet.

H. fistulosust

H. tanneri*
Heterostylites indet.
Heterostylites stet.

H. major

H. cf. major

H. submajor*f
Lophothrix frontalis*t
Lucicutia sp.
Lucicutia stet.

L. bicornutat

L. macrocerat

L. cf. macrocera

L. curta*t

L. magna

L. ovalis*

L. cf. pacificat

L. wolfendenit
Mesocalanus tenuicornis
Metridia stet.

M. asymmetrica

M. curticauda*

M. f. curticauda
M. okhotensis

M. ornata*t

M. pacifica
Mimocalanus indet.
Mimocalanus sp.
M. cf. distinctocephalus*
Mormonilla phasma
Neocalanus cristatus
N. flemingeri

N. plumchrus
Nullosetigera bidentata*t
Onchocalanus sp.#3
O. cf. magnus#f
Paracalanus stet.
Paraeuchaeta sp.
Paraeuchaeta stet.
P. birostratat

P. elongata

P. pavlovskiit

P. rubrat

P. f. tumidulat

Copepoda cont.
Paraheterorhabdus compactus
P. longispinust
Pleuromamma scutullata
Pseudhaloptilus pacificust
Pseudoamallothrix indet.
Pseudoamallothrix cf. emarginatai
P. ovata™}

Pseudochirella sp.+

P. dubiat

P. obtusat

P. pacifica*;

Pseudolubbockia dilatata#;
Racovitzanus antarcticust

Ratania atlanticai

Scaphocalanus indet.
Scaphocalanus sp.
Scaphocalanus stet.
S. affinis*f

S. cf. affinis

S. insignis*t
S. magnus

S. cf. magnus

S. cf. subbrevicornis*t

Scolecithricella minor
Scolecitrichidae stet.
Spinocalanidae indet.
Spinocalanus indet.
Spinocalanus stet.

S. brevicaudatus

8. cf. longicornist
Triconia canadensis*
Talacalanus greenii*f
Ctenophora

Cydippida cf. "Ctenoceros"#

Decapoda

Boreogennema borealist
Crangonidae indet.
Eusergestes similis
Hymenodora frontalist
Notostomus japonicus
Pasiphaea tardat
Euphausiacea

Euphausia pacifica
Tessarabrachion oculatum
Thysanoessa inspinata*f
T. longipes

Thysanopoda indet.
Isopoda

Holophryxus indet.#
Lophogastrida

Eucopia stet.
Neognathophausia indet.
N. cf. gigas

Mollusca

Clio recurva

Clio indet. dna recurva
Clione limacina

Clione indet. dna limacina
Clione stet. dna okhotensist
Gonatus onyxf

Tunicata

Doliolula equus#i
Oikopleura indet.

Oikopleuridae indet.

*, new COI for species; t, new 18S for species; $, New 168 for species; #, new COI for genus; #, new 18S for genus; 1, New 168 for genus (MetaZooGene Atlas and Database, 2024).
The bolded text represent zooplankton taxonomic group.
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Crustacean Invertebrates
Amphipoda 1116
Branciopoda 16
Copepoda 1208
Cumacea 293
Decapoda 1540
Euphausiacea 53
Isopoda 687
Leptostraca 14
Lophogastrida 18
Mysida 157
Oligostraca 526
Stromatopoda 75
Tanaidacea 213
Tanaidacea-Cirripedia 184
Non-Crustacean Invertebrates
Annelida-Polychaeta 2311
Annelida-Chelicerata 162
Brachiopoda 65
Bryozoa 637
Chaetognatha 38
Chordata-Cephalochordata 8
Chordata-Tunicata 333
Cnidaria 2615
Ctenophora 16
Echinodermata 1900
Gastrotricha 11
Hemichordata 17
Mollusca-Bivalvia 424
Mollusca-Cephalopoda 221
Mollusca-Gastropoda 3003
Mollusca-Polyplacophora 8
Mollusca-Scaphopoda 9
Nematoda 818
Nemertea 93
Phoronida 6
Platyhelminthes 774
Porifera 958
Rotifera 14
Sipuncula 61
Xenacoelomorpha 27

Data from MetaZooGene.org (accessed 18 October 2024).
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DNA barcoding deep-water zooplankton
from the Gulf of Alaska, North Pacific Ocean
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Sta Date Latitude (° ude (°W) Net sampling bins
7/23/2019 58.020902 -147.731459 MN: 0-40-100-200-300-400-600-1200-2000-2463
GAKI135 7/24/2019 58.019897 -147.734396 MOC: 0-100-200-300-400-600- 1200-2000-2500
7/22/2019 58.020163 -147.728309 ROV: 0-2490
7/25/2019 57.198657 -146.962744 MN: 0-100-200-300-400-600-1200-2000-3000-4300
GAK19 7/27/2019 56.973652 [ -146.918283 MOC: 0-100-200-300-400-600-1200-2000-3000
7/25/2019 57.19301 -146.956918 ROV: 0-2000
7/27/2019 56.231856 -145.427960 MN: 0-40-100-200-300-400-600-1200-2000-3000
Deep Quinn 7/28/2019 56.234664 -145.415342 MOC: 0-100-200-300-400-600-1200-2000-2500
7/31/2019 56.238955 -145.393313 ROV: 0-2535
7/30/2019 5647202 -146.366007 MN: 0-100-200-300-400-600
Quinn Top | 7/30/2019 56.294574 I -145.217564 MOC: 0-100-200-300-400-600-690
7/30/2019 56.296017 -145.224089 ROV: 0-720
8/1/2019 56.368663 -146.518522 MN: 0-40-100-200-300-400-600-1200-2000-3000
(Gs\:::zs;mmim) 7/26/2019 56.417038 -146.429373 MOC: 0-100-200-300-400-600-1200-2000-2170
8/1/2019 56.385157 -146.483570 ROV: 0-2520
8/1/2019 56.467254 | 146373306 MN: 0-100-200-300-400-600
Giacomini Top 8202019 5647202 -146.366007 | MOC: 0-100-200-300-400-600

712719 56.46775 -146.373709 ROV: 0-675





