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The hadal zone (depths > 6,000 m) comprises isolated features that host high degrees of endemism, with species inhabiting only a single feature or a group of adjacent features. The amphipod, Hirondellea dubia is an abundant scavenger at the hadal depths of the Kermadec, Tonga, and New Hebrides trenches in the Southwest Pacific Ocean, particularly at depths > 9,500 m. However, several records have hinted that H. dubia may not be restricted to the Southwest Pacific nor be exclusively hadal. Here, we present new records of H. dubia recovered by baited landers deployed to five hadal trenches during three expeditions and assess the geographic and vertical distribution of this species. To rule out the possibility of cryptic diversity, morphological taxonomy was paired with two mitochondrial markers (16S and COI) to test for species boundaries among the new and published molecular data using four delineation approaches (ABGD, CD-HIT, GMYC, and bPTP). We found H. dubia to be a single species and not restricted to the Southwest Pacific or hadal depths. This species’ geographic range extends from the Southwest Pacific to the Mariana Trench (Northwest Pacific), the Clarion-Clipperton Zone (Central Pacific), the South Sandwich Trench (Southern), and the Puerto Rico Trench (North Atlantic). This amphipod’s vertical range spans over half of the ocean’s total depth, between 4,700 and 10,817 m. This study presents an extraordinary geographic range extension to a species long considered endemic to a cluster of three Southwest Pacific trenches and shows a pan-oceanic distribution across extremely isolated hadal features.
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INTRODUCTION

The deepest oceanic zone, the hadal zone, comprises subduction trenches, fracture zones/trench faults, and troughs that extend from depths of 6,000 to ∼11,000 m (Jamieson et al., 2010). These hadal features are often separated by thousands of kilometers and defined by high hydrostatic pressure, near-freezing temperatures, food scarcity, and geologic instability (Jamieson et al., 2010; Stewart and Jamieson, 2018). As isolated habitats with strong environmental selection pressures, hadal features are thought to host a high number of endemic species, whereby a species inhabits a single trench or a group of adjacent trenches (Wolff, 1959; Belyaev, 1989; Lacey et al., 2016). This concept of hadal endemism has been partially derived from scavenging amphipods, which are well-sampled and conspicuous members of the hadal faunal community (Blankenship et al., 2006), particularly abundant at depths > 8,000 m.

Hirondellea Chevreux, 1889 is a speciose and cosmopolitan genus (Lowry and Stoddart, 2010), with five of the 20 species considered bathymetrically limited to hadal depths and each have restricted geographic distributions. The most notable is H. gigas (Birstein and Vinogradov, 1955), which inhabits depths between 6,770 and 10,897 m in the subduction trench cluster of the Northwest Pacific Ocean (Birstein and Vinogradov, 1955; Dahl, 1959; Kamenskaya, 1977; Hessler et al., 1978; Belyaev, 1989; France, 1993; Kobayashi et al., 2012; Eustace et al., 2013; Ritchie et al., 2015; Jażdżewska and Mamos, 2019). Three Hirondellea species are known only to the Peru-Chile Trench, Southeast Pacific Ocean, specifically H. wagneri Kilgallen, 2015 from 6,173 m, H. sonne Kilgallen, 2015 from 7,050 m, and H. thurstoni Kilgallen, 2015 from 6,173 to 8,072 m (Kilgallen, 2015). Hirondellea dubia Dahl, 1959, the fifth hadal hirondellid, is a dominant scavenger at the Kermadec, Tonga, and New Hebrides trenches in the Southwest Pacific Ocean. At depths greater than 8,000 m, H. dubia is abundant with single traps having recovered more than 12,000 individuals (Blankenship et al., 2006; Lacey et al., 2016; Wilson et al., 2018).

Hirondellea dubia is considered restricted to hadal depths (Jamieson et al., 2011; Wilson et al., 2018). However, several records hint that H. dubia may not be entirely hadal, nor be endemic to the Southwest Pacific Ocean. For example, three out of 585 individuals were found at a 4,700 m site in the New Hebrides Trench (Lacey et al., 2018). Elsewhere in the Pacific Ocean, molecular markers indicate that H. dubia is present at 5,469 m deep at the abyssal plains east of the Mariana Trench (Ritchie et al., 2015), some 6,000 km north of the Kermadec and Tonga trenches, and at the abyssal plains of the Clarion-Clipperton Zone (Bribiesca-Contreras et al., 2021). The New Hebrides and Mariana trench observations are anecdotal, as errors in specimen curation could not be unequivocally ruled out. Outside the Pacific Ocean, H. dubia inhabits between 6,640 and 8,265 m in the South Sandwich Trench, which spans between the Southern and South Atlantic oceans (Jamieson et al., 2021b). Yet, this identification was based solely on morphology and deemed sensu lato. As deep-sea amphipod taxonomy is challenged by cryptic diversity (Havermans et al., 2011, 2013; Jazdzewska et al., 2021), the South Sandwich Trench identification needs confirmation through molecular taxonomy.

The records of H. dubia at abyssal depths and the South Sandwich Trench pose questions about whether they represent the distribution of H. dubia or cryptic species. Here, we present new collection data for H. dubia from the global Five Deeps Expedition and two Mariana Trench expeditions and place it in context with historical records of H. dubia. Given the widespread phenomenon of cryptic diversity in the deep sea, we aimed to rule out the possibility that cryptic species that are morphologically indistinguishable from H. dubia exist outside the Southwest Pacific Ocean. We applied a taxonomic feedback loop approach (Page et al., 2005) by pairing morphological taxonomy with two mitochondrial markers, namely 16S ribosomal DNA (16S) and cytochrome c oxidase 1 (COI), to test for species boundaries among the new material and published data from the Pacific Ocean. The findings of this global study begin to test the concept of hadal endemism and expand our understanding of species distributions across the deepest marine zone.



MATERIALS AND METHODS


Amphipod Recovery and Morphological Identification

Three sampling expeditions recovered scavenging amphipods by free-fall autonomous landers (Jamieson et al., 2009). Two expeditions sampled the Mariana Trench: the “HADES-M” cruise FK141109 in 2014 on the RV Falkor (5,156–10,545 m) and the “FISH2017” cruise SY1615 in 2017 on the TV Shinyo-Maru (8,000–10,890 m). Between 2018 and 2019, the Five Deeps Expedition deployed landers from the DSSV Pressure Drop to the Puerto Rico Trench (750–8,380 m), South Sandwich Trench (6,044–8,266 m), Agulhas Fracture Zone (5,493 m), Java Trench (5,760–7,176 m), Diamantina Fracture Zone (7,009 m), San Cristobal Trench (6,515–8,407 m), Santa Cruz Trench (5,906–8,428 m), Mariana Trench (2,100–10,924 m), Tonga Trench (6,793–10,817), and Molloy Hole (5,547–5,591 m). Details on the deployment sites that recovered H. dubia are in Table 1. See Drazen (2015), Jamieson et al. (2021a), and Jamieson and Linley (2021) for more complete expedition details.


TABLE 1. Locations and baited lander deployments where the amphipod Hirondellea dubia was recovered during this study.

[image: Table 1]
Each lander was equipped with an invertebrate funnel trap baited with whole mackerel (Scombrus sp.) and a pressure and temperature sensor. Landers stayed at depth for 7–12 h. Pressure (dbar) was converted to depth (m) following Saunders (1981).

Amphipods were preserved in 70% ethanol. Specimens were sorted into morphotypes based on external characters using a stereomicroscope (Wild Heerbrugg M8). We selected a subset of Hirondellea individuals from each location for species-level identification following Dahl (1959), Lowry and Stoddart (2010), and Kilgallen (2015). Appendages were dissected, mounted with glycerol, and imaged with a Leica DMi8 inverted microscope and DFC295 camera.

Historical records for H. dubia are compiled in Supplementary Material 1 (Dahl, 1959; Jamieson et al., 2011, 2021b; Ritchie et al., 2015; Lacey et al., 2016; Leduc and Wilson, 2016; Wilson et al., 2018; Bribiesca-Contreras et al., 2021). Absence records were inferred, with an absence defined as an instance when a published species list for a hadal feature included Lysianassoidea species but not H. dubia (Dahl, 1959; Hessler et al., 1978; Belyaev, 1989; France, 1993; Jamieson, 2015; Lacey et al., 2016; Jażdżewska and Mamos, 2019; Weston et al., 2021b).



DNA Extraction and PCR Amplification

A total of 13 individuals of H. dubia from Mariana, Puerto Rico, South Sandwich, San Cristobal, Santa Cruz, and Tonga trenches were selected for molecular taxonomy. Only 10 individuals were sequenced at both markers. PCR amplification failed for a Tonga Trench and a San Cristobal Trench individual and the Santa Cruz Trench individuals, likely due to poor DNA quality resulting from lander recovery (Dixon et al., 2004). One H. gigas individual from 7,949 m in the Mariana Trench (Table 1) and two Hirondellea sp. individuals from 6,714 to 8,052 m in the Atacama Trench (Weston et al., 2021a) were included in the molecular taxonomy. A total of 24 sequences have been deposited on GenBank (Supplementary Material 2).

Total genomic DNA was extracted with the Bioline ISOLATE II Genomic DNA Kit. The two mitochondrial regions were PCR amplified following Ritchie et al. (2015) with AMPH1 (France and Kocher, 1996) and “Drosophila-type” 16SBr (Palumbi et al., 1991) primers for 16S (260 bp) and LCO1490 and HCO12198 (Folmer et al., 1994) primers for COI (624 bp). PCR products were cleaned with Exonuclease 1 and Antarctic Phosphatase (New England Biolabs) and sequenced on an ABI 3730XL (Eurofins Genomics, Germany). Electropherograms were examined in MEGA X (Kumar et al., 2018), and the primers and ambiguous sequences were manually clipped. COI sequences were translated into amino acids to confirm the absence of stop codons. Sequences were initially compared with species diagnostic barcodes using the BLASTn website1 and the existing Barcode Index Numbers (BINs) on the BOLD v4 website2 (Ratnasingham and Hebert, 2013).



Molecular Dataset Assembly and Species Delimitation

Datasets for each mitochondrial marker were built to assess for cryptic diversity among H. dubia across the Pacific, Southern, and Atlantic oceans. New sequences were supplemented with data that was publicly available by October 2021 on GenBank and the Barcode of Life Data System (BOLD) (Ratnasingham and Hebert, 2007). Published sequences for Alicella gigantea Chevreux, 1899 were chosen for the outgroup (Weston et al., 2020), as this deep-sea scavenging amphipod is in a separate superfamily with enough phylogenetic distance (Ritchie et al., 2015). Alignments were constructed using the MAFFT v7 (Katoh et al., 2019) webserver3 with the FFT-NS-1 strategy and trimmed to equal length. The four alignment datasets were: (1) complete-16S with 36 individuals (176 bp), (2) reduced-16S with 7 haplotypes (176 bp), (3) complete-COI with 27 individuals (500 bp), and (4) reduced-COI with 17 individuals (500 bp). The compiled datasets are presented in Supplementary Material 2.

Four molecular species delimitation methods were applied to test for the number of Molecular Operational Taxonomic Units (MOTUs) or species, with two distance-based and two tree-based methods. The first distance-based method was the Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012), which was conducted on the ABGD webserver4 with the JC69 Jukes-Cantor parameter and default setting. CD-HIT-EST (Li and Godzik, 2006) was the second distance-based method and executed on the CD-HIT Suite webserver5 (Huang et al., 2010) using default settings and a predefined threshold of 0.976 (Kniesz et al., 2022).

The two tree-based phylogenetic delineation approaches were the Generalized Mixed Yule Coalescent (GMYC) likelihood method (Pons et al., 2006; Monaghan et al., 2009) and the Bayesian implementation of the Poisson Tree Processes (bPTP) (Zhang et al., 2013). Both approaches need an input tree, which was inferred using the Bayesian Evolutionary Analysis by Sampling Trees software package v1.10.4 (Suchard et al., 2018). The Hasegawa, Kishino, and Yano model with gamma distribution (Hasegawa et al., 1985) was identified in MEGA X (Kumar et al., 2018) as the optimal evolutionary models for both genes based on the Bayesian information criterion. For GMYC, the ultrametric trees were constructed with the parameters of a normalized exponential relaxed clock and a Yule process of speciation. For the bPTP trees, an uncorrelated relaxed clock was selected. Two independent runs were executed for 40M generations, sampling every 10,000 generations, for each gene and approach. Outputs were reviewed with Tracer v1.7 to ensure convergence (effective sample size > 200) and merged in LogCombiner v1.8.4. The maximum clade credibility tree was determined by TreeAnnotator v1.8.4, after burning the first 10% of states. For GYMC, the number of delimited species was determined through the “gymc” function in the splits v1.0-20 package (Ezard et al., 2021) in R v3.6.3 (R Core Team, 2020). For the bPTP method, the unrooted tree was analyzed on the bPTP webserver6 for 200,000 generations, thinning of 100, and burn-in of 25%.

The Bayesian tree of the reduced-COI dataset is used as the graphical presentation of the species delimitation results and annotated in Inkscape v0.92.2 (The Inkscape Team, 2017).




RESULTS


Presence Records and Morphological Taxonomy

Hirondellea dubia was recovered during 14 baited lander deployments to the Mariana Trench (5,641–8,942 m), four to the San Cristobal Trench (6,515–8,407 m), two to the Santa Cruz Trench (7,431–8,428 m), seven to the Tonga Trench (6,793–10,817 m), and four to the Puerto Rico Trench (6,954–8,378 m) (Table 1 and Figures 1, 2), which adds to the 45 historical records from the Kermadec, Tonga, New Hebrides, Mariana, and South Sandwich trenches and the Clarion-Clipperton Zone (Supplementary Material 1). Records included the deepest points of the Tonga, Puerto Rico, and South Sandwich trenches (Bongiovanni et al., 2021). No hirondellids were recovered from the Java Trench and Diamantina Fracture Zone, nor in the near-hadal depths of the Agulhas Fracture Zone and Molloy Hole.


[image: image]

FIGURE 1. Geographic distribution of the amphipod Hirondellea dubia, with new records (blue circle) compiled with historical records (red square). Features with depths > 4,700 m where H. dubia could be expected to be present but has not been found (red cross). Locations are abbreviated as, AFZ, Agulhas Fracture Zone; ANS, Afanasy-Nikitin Seamount; AT, Atacama Trench; BT, Banda Trench; CCZ, Clarion-Clipperton Zone; DFZ, Diamantina Fracture Zone; IBT, Izu-Bonin Trench; JAV, Java Trench; JPT, Japan Trench; KT, Kermadec Trench; MAR, Mariana Trench; MOL, Molloy Hole; NHT, New Hebrides Trench; PHT, Philippine Trench; PLT, Palau Trench; PRT, Puerto Rico Trench; SBF, South Fiji Basin (only 4,100 m); SST, South Sandwich Trench; SCB, San Cristobal Trench; SCZ, Santa Cruz Trench; TT, Tonga Trench; WZFZ, Wallaby-Zenith Fracture Zone.
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FIGURE 2. Vertical distribution of the amphipod Hirondellea dubia (solid bar) across nine features in the Pacific (black), North Atlantic (gray), and Southern/South Atlantic (white) oceans with new records (blue circle) and historical records (red square). Cross symbols indicate records with corresponding molecular data, namely 16S and COI. The black square at the Clarion-Clipperton Zone represents the molecular record that was not delimited as H. dubia. The dashed lines represent the maximum trench depth (Stewart and Jamieson, 2018; Bongiovanni et al., 2021).


Examined specimens were morphologically consistent with the original taxonomic species description of H. dubia (Dahl, 1959). In particular, the maxilla 2 outer plate had an 8/3 crown setal-tooth arrangement, the maxilliped inner plate had a concave apical margin with 1 small plumose seta and 1 larger slender seta, the gnathopod 1 dactyl lacked subterminal spines on the inner margin, the gnathopod 2 palm was minutely subchelate, the uropod 2 inner ramus were not incised, the uropod 3 rami were subequal, the telson cleft was one-quarter of its length, and two setae were present at the tips of the telson lobes. No apparent phenotypic variation was observed among individuals from different features.



Species Delimitation

Overall, the four species delimitation methods identified one MOTU for H. dubia based on the 16S and COI markers and separated it from H. gigas and Hirondellea sp. AT-2018 (Figure 3). Additionally, the H. dubia COI sequences were matched to the existing BIN BOLD: AAX1198 and H. gigas to BOLD: ADD2499. Hirondellea sp. AT-2018 was not matched to an existing BIN. Amphipods previously identified and published as Uristes sp. nov. from the Tonga Trench (Blankenship and Levin, 2007; Ritchie et al., 2015) were placed within the H. dubia clade. From the Clarion-Clipperton Zone, the two individuals from 4,865 m were placed in the H. dubia clade. However, the amphipod from 4,084 m, while published on GenBank as H. dubia (Bribiesca-Contreras et al., 2021), was placed in a separate genetic lineage and not matched to the existing H. dubia BIN, BOLD: AAX1198. Record of that individual does not exist in the APEI 1 species list (Bribiesca-Contreras et al., 2021), thus likely more indicative of a data curation error or misidentification than a true presence (Supplementary Material 2).
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FIGURE 3. Bayesian inferred tree showing species boundaries among the amphipod Hirondellea dubia (blue) individuals based on COI. Study-generated sequences are in bold. Results from the four molecular species delimitation methods are shown with vertical bars, with disagreements (dark gray) and consensus (purple) highlighted. Branch nodes show posterior probabilities > 0.7. Locations are abbreviated as, AT, Atacama Trench; CCZ, Clarion-Clipperton Zone; KT, Kermadec Trench; MAR, Mariana Trench; NHT, New Hebrides Trench; PRT, Puerto Rico Trench; SST, South Sandwich Trench; SCB, San Cristobal Trench; TT, Tonga Trench. Tip labels show collected depth (meters). See Supplementary Material 2 for the GenBank accession numbers. Photograph of H. dubia from 8,379 m at the Puerto Rico Trench, Atlantic Ocean (scale 5 mm).


Minor disagreements were present among the bPTP approaches (Figure 3), resolving a different number of MOTUs, with 5 in the complete-16S dataset, 4 in the reduced-16S dataset, 6 in the complete-COI dataset, and 5 in the reduced-COI dataset. Oversplitting occurred within the H. dubia clade, where the Mariana, New Hebrides, and San Cristobal trench individuals were a separate MOTU in the complete-16S dataset, and the New Hebrides Trench amphipods were a distinct MOTU in the complete-COI dataset.




DISCUSSION

The hadal zone comprises isolated features that host high levels of species unique to a single feature or a group of adjacent features. Conversely, we found that H. dubia is an amphipod that challenges the concept of hadal endemism. Our combined morphology taxonomy and species delimitation with 16S and COI molecular markers reveal that H. dubia is not restricted to a Southwest Pacific trench cluster but has a multi-oceanic distribution across the Pacific, Southern, and Atlantic oceans, and a vertical range, spanning 6,117 m.

Increasing common in the deep sea, species with wide distribution often turn out to be composed of cryptic species discernible by molecular taxonomy (Bickford et al., 2007; Glazier and Etter, 2014; Brasier et al., 2016). One iconic example is the scavenging amphipod Eurythenes gryllus (Lichtenstein in Mandt, 1822), which was considered to inhabit every ocean between 550 and ∼8,000 m but integrative taxonomy revealed this to be a species complex of at least 12 species (Havermans et al., 2013; Havermans, 2016). Considering this trend, we expected H. dubia to be a species complex, with morphological differences and distinct genetic lineages. However, our dual lines of evidence provided congruent data to strongly suggest that H. dubia is a single species (Figure 3). This study expands its known distribution to the Puerto Rico, Santa Cruz, and San Cristobal trenches, confirms its presence at the Mariana and South Sandwich trenches, and verifies that the historical records of H. dubia and Uristes sp. nov. at the Kermadec, Tonga, and New Hebrides trenches, and the Clarion-Clipperton Zone, except for the record at 4,084 m, are all H. dubia (Figure 1).

Among hadal taxa, H. dubia is an outlier with a multi-oceanic distribution. For example, ∼70% of hadal amphipods, 65% of hadal isopods, and nearly all hadal snailfishes are known to single hadal feature (Belyaev, 1989; Elsner et al., 2015; Jamieson, 2015; Jamieson et al., 2021a). A similar cosmopolitan hadal amphipod is Bathycallisoma schellenbergi (Birstein and Vinogradov, 1958) present at 10 hadal features across the Pacific, Atlantic, Indian, and Southern oceans (Kilgallen and Lowry, 2015; Jamieson et al., 2021b; Weston et al., 2021b). Their wide distributions lead to questions about the degree of connectivity and population isolation. Hirondellea dubia could be a strong taxon to investigate the extent to which hadal features function as independent units by applying high-throughput sequencing methods (Taylor and Roterman, 2017), as the abyssal depth records, albeit very few, indicate that populations may not be restricted to subduction trenches, and thus a possibility of dispersal between trenches.

Hirondellea dubia has a vertical range that covers over half the ocean’s total depth, between 4,700 and 10,817 m. A eurybathic range is not uncommon for deep-sea amphipods, such as ∼4,000 m for H. gigas, ∼3,500 m for Eurythenes maldoror and Eurythenes magellanicus (Havermans, 2016), and ∼6,000 m for A. gigantea (Jamieson et al., 2013). Curiously, the vertical distribution of H. dubia varies among the trenches, with the Mariana Trench appearing as an outlier (Figure 2). At the other seven trenches, H. dubia was found either at or within ∼700 m of the deepest point, which is likely due to sampling design than true absence, particularly for the Santa Cruz Trench. Whereas H. dubia was absent from the deepest ∼2,000 m of the Mariana Trench, despite the next two deployments being at 8,964 and 9,059 m, thus ruling out sampling bias. Another explanation may be that H. dubia is not biochemically capable to survive the deepest ∼2,000 m of the Mariana Trench (Downing et al., 2018). Yet, that is refuted given that H. dubia is present at Horizon Deep, the deepest point of Tonga Trench and a mere 107 m shallower than Challenger Deep (Bongiovanni et al., 2021). An alternative hypothesis may be related to food distribution across the trench axes and ecological interactions between scavenging species. Resource competition has been proposed in the Kermadec and New Hebrides trenches, with H. dubia largely absent from the depths that corresponded to the maximum densities of the larger B. schellenbergi (Lacey et al., 2018). While testing these hypotheses is outside the study’s scope, the distribution of H. dubia across trenches indicates that the drivers of vertical distribution are more complex than solely tolerance to hydrostatic pressure.

Contrary to the geographic range extension, H. dubia was absent at hadal and near-hadal depths in the Arctic, Indian, and the South Atlantic oceans (Figure 1). It is unclear if this is a true absence or sampling bias. Absence from the Agulhas Fracture Zone and Molloy Hole could be due to their abyssal depths (Bongiovanni et al., 2021; Jamieson and Linley, 2021). Whereas the Diamantina Fracture Zone is hadal and at the same latitude as the Kermadec Trench. Furthermore, the Java Trench is also hadal and much closer to the western Pacific Ocean trenches than the South Sandwich or Puerto Rico trenches (Stewart and Jamieson, 2018). These absences combined with the known Wallaby-Zenith Fracture Zone absence (Weston et al., 2021b), suggest that H. dubia does not inhabit the Indian Ocean. This absence cannot be readily explained by other known environmental factors, such as temperature, as the Indian Ocean bottom temperatures lie between the warmer Mariana Trench and colder South Sandwich Trench (Jamieson et al., 2021a). Therefore, an explanation for the absence of H. dubia in the Indian Ocean stays obscure.

In conclusion, H. dubia is a single species with an extensive geographic and vertical range. This species exemplifies the gaps in our understanding of species distribution across the hadal zone. Moreover, the wide distribution of H. dubia raises questions regarding deep ocean biogeography and speciation. For example, what is the degree of connectivity among feature populations? Further, how did H. dubia spread to such distant locations such as the Puerto Rico and South Sandwich trenches but not the Atacama Trench? These questions should begin being resolved as hadal research expands more comprehensively across multiple, trans-oceanic hadal features. Hirondellea dubia represents an important hadal species from which to test eco-evolutionary questions, and expeditions on the scale of the Five Deeps Expedition will be paramount in recovering the specimens to answer these questions.
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5
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