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ABSTRACT
Phylogeographic analyses have advanced our understanding of evolutionary processes in the deep sea, yet patterns of genetic 
variation and population divergence at abyssal depths remain poorly understood. The bivalve Ledella ultima is one of the most 
abundant protobranchs in the abyssal Atlantic, making it a valuable model organism for studying phylogeographic patterns and 
population connectivity. However, evidence for sex- specific heteroplasmic mtDNA challenges the assessment of genetic structure 
using mitochondrial markers alone. To address this, we used mtDNA (COI, 16S), single- nucleotide polymorphisms (SNPs) from 
2b- RAD, and proteomic profiles to examine the population structure of L. ultima across seven Atlantic basins spanning over 
10,000 km in latitude. Five mitochondrial lineages with a lack of geographic structure were consistently identified by COI and 
16S. Conversely, SNP and proteomic data did not mirror these findings, denoting that heteroplasmic mtDNA inflates intraspe-
cific genetic divergence in this gonochoric species. Despite the SNP data revealing overall low genetic divergence, subtle genetic 
structure was detected by admixture analyses supporting two source populations: one in the north and central Atlantic, and a 
second in the south Atlantic, with moderate admixture in the Brazil and Cape basins. Proteomic fingerprinting revealed two 
basin- separated groups with patterns distinct from the nuclear data, suggesting environmentally driven shifts in protein expres-
sion. Our findings underscore the value of integrating nuclear genomic and proteomic tools to decipher population connectivity 
at abyssal depths, where minimal genetic differentiation necessitates fine- scale analyses.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Phylogeographic patterns in the deep sea are shaped by a com-
plex interplay of oceanographic dynamics, dispersal mech-
anisms, and evolutionary processes (Gage and Tyler  1991; 
Ramirez- Llodra et al. 2010; Rex and Etter 2010). While con-
nectivity studies along seamounts, hydrothermal vents, and 
mid- ocean ridges have been a major focus in recent years 
(Boschen- Rose and Colaço 2021; Breusing et al. 2016; Portanier 
et al. 2023; Yearsley et al. 2020), the vast abyssal plains, cover-
ing more than half of the Earth's surface, remain largely un-
explored in this context (reviewed in Baco et al. 2016; Taylor 
and Roterman  2017). To counteract these knowledge gaps, 
large international initiatives, such as the Census of Marine 
Life (CoML; Ausubel et  al.  2010), the Deep Ocean Steward 
Initiative (DOSI; https:// www. dosi-  proje ct. org), and the UN 
Ocean Decade (https:// ocean decade. org) were launched. 
Assigned to the program Challenger 150 (https:// chall enger 
150. world/  ), the action IceDivA (Icelandic marine Animals 
meets Diversity along latitudinal gradients in the deep sea of 
the Atlantic Ocean; Brix and Taylor 2021) served as a knowl-
edge hub by revisiting fundamental hypotheses in deep- sea 
science and investigating connectivity patterns along latitudi-
nal gradients on a pan- Atlantic scale. Building upon previous 
expeditions run in the frame of the CoML, samples collected 
over the last decades are available as a unique pan- Atlantic 
dataset (Kürzel et al. 2023).

Protobranch bivalves rank among the most abundant inverte-
brates in the deep Atlantic (Allen  2008; Gage and Tyler  1991; 
Zardus  2002), contribute to the ecological complexity of soft- 
bottom habitats (Ellingsen et al. 2007; Reed et al. 2014), and have 
proven to be valuable model organisms to investigate phylogeo-
graphic patterns, genetic diversity, and evolutionary processes 
(Chase et  al.  1998; Etter et  al.  1999, 2005; Zardus et  al.  2006; 
Jennings et al. 2013). In these studies, abyssal populations were 
consistently found to exhibit less genetic divergence when com-
pared to bathyal populations at a comparable geographic scale, 
supportive of the depth- differentiation hypothesis (DDH) (Etter 
et al. 2005; Etter and Rex 1990; Rex and Etter 2010). Similar pat-
terns of bathymetric zonation and genetic diversity have been 
found in other marine taxa, disclosing genetic barriers across 
depth strata (Howell et  al.  2002; Quattrini et  al.  2015; Zhang 
et al. 2021). Although the DDH highlights a general trend of de-
creasing population differentiation with depth, processes that 
govern genetic divergence and connectivity of species at abyssal 
depths (3500–6000 m) are far from understood (Gary et al. 2020; 
Riehl et  al.  2020; Rogers and Ramirez- Llodra  2024). Precisely 
because intraspecific genetic differentiation appears inconspic-
uous, mitochondrial gene markers might not have the resolu-
tion needed to capture subtle patterns of genetic structure and 
connectivity in abyssal environments. Allowing for the identi-
fication of thousands of genome- wide single- nucleotide poly-
morphisms (SNPs) from a high number of individuals (Andrews 
et al. 2016; Davey and Blaxter 2010), the use of restriction site- 
associated DNA sequencing (RAD- seq) provides advanced as-
sessments of fine- scale population structure in marine species 
(Benestan et al. 2015; Galaska et al. 2017; Reitzel et al. 2013). To 
complement DNA- based population genetic analyses herein, we 
used proteomic fingerprinting, which has been increasingly ap-
plied to assess phenotypic consistency and to explore whether 

molecular divergence is reflected at the protein expression level 
(Peters et al. 2023; Renz et al. 2021; Rossel et al. 2024). Proteomic 
fingerprinting is based on the mass detection of peptide and low 
molecular weight protein molecules and is used for microbial 
species identification (Singhal et al. 2015) and has also proven 
applicable to a wide range of metazoan taxa (Halada et al. 2018; 
Karger et al. 2019; Yssouf et al. 2014).

The small protobranch Ledella ultima is a true abyssal species 
and abundant at depths of 3000–5800 m. Spanning from the 
British continental margin to the Agulhas Basin in the east, and 
from the North American margin to the Argentine and Scotia 
seas in the west (Allen  2008; Allen and Hannah  1989; Allen 
and Sanders 1996; Clarke 1961; Janssen and Krylova 2014), the 
species has a pan- Atlantic distribution and serves as a valuable 
model for studying phylogeographic patterns and population 
connectivity (Etter et  al.  2005, 2011). Within a population, fe-
males and males are inferred to occur in approximately equal 
numbers, supported by the commonly observed balanced sex 
ratio in protobranchs (Zardus  2002) and the documented sex 
ratios in the Atlantic sister species L. pustulosa and L. sublevis 
(Allen and Hannah 1989). Populations of L. ultima are suggested 
to follow a continuous breeding pattern with the development 
of planktonic lecithotrophic pericalymma larvae that pas-
sively disperse by bottom currents (Gage and Tyler 1991; Tyler 
et al. 1992; Zardus and Morse 1998; Zardus 2002; Young 2003). 
The bivalve can grow to a maximum of 3.4 mm in shell length. 
Smallest specimens of females and males with developing go-
nads were reported with respective shell lengths of 2.4 and 
2.5 mm, where females may develop 9–29 ova of 160–255 μm in 
diameter and a subsequent larval shell length of 310 μm (Allen 
and Hannah 1989).

The main deep- ocean basins where L. ultima is found are the 
Western European Basin (WEB), North American Basin (NAB), 
Brazil Basin (BB), Argentine Basin (AB), and Cape Basin (CB) 
(Figure  1A; Warén  1981; Filatova and Schileyko  1984; Allen 
and Hannah  1989; Allen and Sanders  1996; Allen  2008; Etter 
et al. 2011). In these basins, large- scale oceanographic processes 
of North Atlantic Deep Water (NADW) and Antarctic Bottom 
Water (AABW) play a crucial role in shaping benthic biodiver-
sity patterns by influencing the dispersal of deep- water fauna 
(Jollivet et  al.  2024; Kuhlbrodt et  al.  2007; Puerta et  al.  2020; 
Talley 2013). Formed over the continental slope of Antarctica, 
AABW is the densest water mass and occupies almost the en-
tire bottom layer of the Atlantic, whereas NADW, formed in the 
North Atlantic, is found between 2000 and 4000- m depth and 
is distinguished from Antarctic waters by higher temperature 
and salinity, and a lower concentration of nutrients (Dickson 
and Brown 1994; Ferreira and Kerr 2017; Liu and Tanhua 2021; 
Watling et al. 2013). These water masses propagate through the 
abyssal basins, many of which are confined by topographic fea-
tures such as the Mid- Atlantic Ridge (MAR) separating eastern 
and western Atlantic corridors, the Rio Grande Rise separating 
the AB and BB in the south- west, and the Walvis Ridge confin-
ing the CB to the north (Morozov et al. 2010) (Figure 1B). For 
AABW and NADW to overcome these barriers, trenches and 
fracture zones serve as main pathways for bottom- water ex-
change and connectivity between basins (Morozov et al. 2010, 
2023). Since most benthic deep- sea species rely on passive 
transport processes for dispersal (Etter and Bower 2015; Hilário 
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et al. 2015; Ross et al. 2020), basin connectivity is of fundamen-
tal importance for understanding phylogeographic patterns and 
population connectivity at large geographic scales.

Other than in most taxa, where mitochondrial DNA (mtDNA) 
is homoplasmic and transmitted through strict maternal inher-
itance (Birky  2001), Boyle and Etter  (2013) provided evidence 
for L. ultima to exhibit mitochondrial heteroplasmy. Owed to 
the simultaneous presence of two or more types of mtDNA in 
both sexes, mitochondrial heteroplasmy can result in high in-
traspecific genetic divergence and challenge the design of pop-
ulation genetic analyses based on mitochondrial markers alone 
(Martínez et al. 2023; Rodríguez- Pena et al. 2020; Wai Ho and 
Hanafiah 2024). To overcome this, we applied a high- resolution 
SNP- based approach to identify fine- scale population structure 
beyond the resolution of the mtDNA gene markers COI and 16S, 
as well as an assessment of proteome fingerprints to aid the 
analysis of genetic differentiation and investigate potential eco-
logical subdivisions within the species.

2   |   Materials and Methods

2.1   |   Sampling Design

Specimens of L. ultima were collected during seven research 
expeditions between 2005 and 2021 (see Table  1). The ma-
jority of samples were obtained with an epibenthic sledge 
(EBS; Brenke  2005), while 29 specimens were sampled either 
by Agassiz trawl (AGT), box corer (BC), or remotely operated 

vehicle (ROV). Specimens were identified to species level using 
a Leica MZ8 stereomicroscope and taxonomic literature (Allen 
and Hannah 1989; Filatova and Schileyko 1984; Knudsen 1970; 
Smith 1885). The species is characterized by a robust shell with 
prominent concentric growth lines (Figure  2) and can reach 
up to 3.4 mm in shell length. Like many protobranchs, a strong 
hinge- teeth mechanism is present on each side of the ligament 
(Figure 2A). Ledella ultima differs from all other Atlantic spe-
cies by its tightly coiled hind gut situated at the dorsal margin 
(Figure 2B). Not unique, but by far the most pronounced, is a 
thickening of the ventral shell edge which occurs in some but 
not all specimens that have reached a shell length of 2.4 mm 
or more (Allen and Hannah  1989; Figure  2D–E). Shells from 
a maximum of five specimens per station were photographed 
using a Keyence VHX- 7000 digital microscope. Images are de-
posited under accession doi: 10.5883/DS- LEDUL. All specimens 
were stored in 96% ethanol and kept at 4°C–8°C to facilitate 
DNA extraction and amplification.

2.2   |   Molecular Analyses

2.2.1   |   Tissue Preparation

Assessments of the internal morphology and sexing of the spec-
imens were not performed, leaving the count of females and 
males unknown. Tissue samples for molecular and proteomic 
works were prepared concurrently using sterile utensils. For 
each specimen, complete soft tissue (somatic and gonad tissue) 
was taken, where possible excluding the gut. Soft tissue fractions 

FIGURE 1    |    Atlantic deep- sea basins where specimens of L. ultima were collected. (A) Sampled stations and bathymetric profile of the North 
American Basin (NAB), Guyana Basin (GUB), Brazil Basin (BB), Argentine Basin (AB), Cape Basin (CB), Cape Verde Basin (CVB), and West 
European Basin (WEB). Fully overlapping stations are displayed as a single shape. (B) Qualitative deep- water circulation patterns of Antarctic 
Bottom Water (AABW, beige) and North Atlantic Deep Water (NADW, red). Stippled lines show NADW propagating above 3500- m depth. Crossed 
circles indicate NADW formation areas. Water mass directions are derived from Morozov et al. (2010), Garzoli and Matano (2011), and Ferreira and 
Kerr (2017). Underlying bathymetry provided by GEBCO 2020 Grid. Map drawn in WGS84.
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TABLE 1    |    Station data and number (n) of L. ultima specimens collected during seven research expeditions in the North American Basin (NAB), 
Guyana Basin (GUB), Brazil Basin (BB), Argentine Basin (AB), Cape Basin (CB), Cape Verde Basin (CVB), and West European Basin (WEB).

Station Year Depth (m) Latitude Longitude Basin Gear n References

ANDEEP III (PS67) Fahrbach (2006)

16–10 2005 4687 41°07.06′ S 009°54.88′ E CB EBS 2

16–11 2005 4699 41°07.46′ S 009°55.11′ E CB AGT 13

21–7 2005 4555 47°38.73′ S 004°15.20′ E CB EBS 3

21–8 2005 4578 47°39.19′ S 004°16.50′ E CB AGT 13

DIVA 2 (M63/2) Türkay and 
Pätzold (2009)

26 2005 5040 28°06.65′ S 007°20.85′ E CB BC 1

ENABa (EN477) Etter and Rex (2021)

17 2008 3500 38°10.41′ N 70°18.13′ W NAB EBS 4

17a 2008 3500 38°08.00′ N 70°19.00′ W NAB EBS 2

18a 2008 3800 38°05.59′ N 69°42.45′ W NAB EBS 12

20 2008 4400 36°21.03′ N 69°41.30′ W NAB EBS 24

21 2008 4700 35°52.12′ N 69°03.58′ W NAB EBS 26

22 2008 5000 35°18.30′ N 68°32.94′ W NAB EBS 6

DIVA 3 (M79/1) Martínez Arbizu 
et al. (2009)

532 2009 4605 35°59.16′ S 049°00.75′ W AB EBS 6

579 2009 5182 14°58.41′ S 029°57.51′ W BB EBS 14

580 2009 5131 14°58.91′ S 029°56.49′ W BB EBS 23

Vema- TRANSIT (SO237) Devey (2015)

4- 8 2014 5735 10°24.161′ N 31°06.205′ W CVB EBS 22

4- 9 2014 5733 10°24.589′ N 31°04.247′ W CVB EBS 34

6- 7 2015 5085 10°20.659′ N 36°57.010′ W CVB EBS 1

6- 8 2015 5127 10°22.293′ N 36°55.852′ W CVB EBS 2

8- 4 2015 5178 10°43.000′ N 42°39.723′ W VFZ EBS 1

9- 8 2015 5004 11°39.014′ N 47°56.168′ W GUB EBS 5

11- 1 2015 5093 12°05.732′ N 50°30.239′ W GUB EBS 4

14- 2 2015 4925 19°03.877′ N 67°08.100′ W PRT EBS 3

IceAGE 3 (SO276) Brix et al. (2020)

133- 8 2020 4621 49°48.031′ N 015°13.004′ W WEB ROV 1

138- 1 2020 4570 49°47.352′ N 015°14.553′ W WEB BC 1

IceDivA 1 (SO280) Brix and Taylor (2021)

21- 1 2021 4802 41°57.599′ N 018°58.832′ W WEB EBS 14

28- 1 2021 4904 41°57.554′ N 018°58.768′ W WEB EBS 15

40- 1 2021 5484 36°02.328′ N 018°59.497′ W WEB EBS 4

61- 1 2021 5121 32°02.025′ N 022°00.652′ W WEB EBS 3

85- 1 2021 4155 36°28.803′ N 013°59.617′ W WEB EBS 2

Note: In addition, specimens were collected from the Vema Fracture Zone (VFZ) and the Puerto Rico Trench (PRT).
Abbreviations: AGT, Agassiz trawl; BC, box corer; EBS, epibenthic sledge; ROV, remotely operated vehicle.
aExcept for six specimens from station 21, ENAB samples were only accessible as COI sequences.
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of each individual were stored in 96% ethanol prior to further 
processing for DNA extraction and proteomic fingerprinting.

2.2.2   |   Mitochondrial Markers

DNA was extracted using the E.Z.N.A Mollusk DNA kit (Omega 
Bio- Tek Inc., Norcross, GA, USA), following the manufacturer's 
instructions and leaving the tissue for digestion overnight in a 
shaking bath at 56°C/350 rpm. For all isolates, elution was car-
ried out in two steps, applying 50 μL of pre- heated elution buffer 
each turn, yielding 100 μL of DNA isolate. DNA quantity was 
evaluated using UV spectrophotometry (NanoDrop; Thermo 
Fischer Scientific). Samples were amplified through polymerase 
chain reaction (PCR) using the mitochondrial markers cyto-
chrome c oxidase subunit I (COI) and 16S rRNA (16S). Each 2 μL 
of DNA isolate was added to a reaction mix of 21 μL Milli- Q fil-
tered water and each 1 μL of forward and reverse primer and al-
iquoted to Illustra PuReTaq Ready- To- Go PCR- Beads (Avantor; 
VWR Int. GmbH, Darmstadt, Germany). COI was targeted using 
the standard barcode primers LCO1490 5′- GGT CAA CAA ATC 
ATA AAG ATA TTG G- 3′ and HCO2198 5′- TAA ACT TCA GGG 
TGA CCA AAA ATC A- 3′ (Folmer et  al.  1994) which yielded 
fragments of 615 bp. Reactions were run on a thermocycler with 
an initial denaturation at 95°C for 5 min, followed by 38 cycles 
of denaturation at 95°C for 45 s, annealing at 45°C for 50 s, and 
extension at 72°C for 1 min. Final extension took place at 72°C 
for 5 min. The variable region of 16S was targeted using the for-
ward LMY16F 5′- GAC GAR AAG ACC CYR TCA AAC- 3′ and 
reverse Lu16R4 5′- GCT GTT ATC CCT CCA GTA ACT- 3′ prim-
ers, with thermal cycling conditions applied as given in Chase 
et al.  (1998) and Etter et al.  (2011). The 16S fragments yielded 
99–157 bp. Quality and quantity of amplified products were 
assessed by gel electrophoresis using 1.5% gels. Purification of 
successful PCR products was performed combining 10 μL of 
PCR product with 3 μL of ExoSAP- IT PCR Product Cleanup 
Reagent (Thermo Fischer Scientific) and run on a thermal cycler 
at 37°C and 80°C for 15 min each. Purified product was sent to 
Macrogen Europe Inc. (Amsterdam, Netherlands) and Eurofins 

Genomics Germany GmbH (Ebersberg, Germany) for double 
stranded sequencing on ABI3730xl sequencers. DNA aliquots 
are stored at −80°C at the DZMB Hamburg, Germany. Forward 
and reverse chromatograms were edited and assembled using 
Geneious Prime (2023.1.2; Biomatters, Auckland, New Zealand; 
Kearse et  al.  2012). The Basic Local Alignment Search Tool 
(BLAST; Altschul et  al.  1990) was used to check for potential 
contamination and to confirm species identification.

To identify the occurrence of female and male mtDNA among 
our sequenced specimens, the following additional sequences 
from samples collected during the ENAB expedition were 
included: COI: 68, female mtDNA; 16S: 5, female mtDNA 
(HQ907901–HQ907905) and 5, male mtDNA (HQ907906–
HQ907910) obtained by Boyle and Etter  (2013). Among these, 
there are three specimens (Lu20BC2–Lu20BC4) from which 
three sequences were obtained per individual, being the fe-
male and male mtDNA of 16S as well as the female mtDNA 
of COI (Table S1; see Supplemental Methods in Appendix S1). 
Alignments were performed using the automated algorithm in 
MAFFT 7.490 (Katoh and Standley  2013) and checked by eye 
for quality control. Haplotype networks were inferred using the 
TCS algorithm (Clement et al. 2002) as implemented by PopART 
version 1.7 (Leigh and Bryant  2015). Kimura- 2- Parameter dis-
tances (K2P; Kimura 1980) within and between genetic clusters 
were calculated using MEGA X (Kumar et al. 2018). Bayesian 
tree hypotheses were generated for both mitochondrial markers. 
The software jModelTest 2 (Darriba et  al.  2012; Guindon and 
Gascuel 2003) was used to estimate best- fit models of evolution 
by applying the Akaike Information Criterion (AIC; Sakamoto 
et al. 1986), resulting in GTR + I + G for COI and HKY85 for 16S. 
Clustering analyses of single- gene and concatenated alignments 
were performed using MrBayes 3.2.1 (Huelsenbeck et al. 2001), 
with four parallel runs of 5 million generations, sampling every 
10,000 generations. Convergence of independent runs was ex-
amined in Tracer 1.7.2 (Rambaut et al. 2018) with a burn- in of 
10%. Trees were reconstructed using Bayesian Inference (BI), 
assessing branch support by posterior probability (PP) with val-
ues ≥ 0.95 considered as highly supported (Felsenstein  1985; 
Huelsenbeck et  al.  2001). The trees were rooted with the 
autobranch bivalve Vesicomya galatheae (Knudsen  1970). 
Delimitation of genetic clusters was complemented using the 
distance- based method ASAP (Assemble Species by Automatic 
Partitioning; Puillandre et al. 2021), applying each of the substi-
tution models with default settings.

2.2.3   |   Single- Nucleotide Polymorphism Data by 
2b- RAD

A streamlined restriction site- associated DNA (RAD) geno-
typing method based on sequencing of uniform fragments 
produced by type IIB restriction endonucleases (2b- RAD) was 
carried out using a subset of 93 samples (Table  S2). Sample 
preparation was conducted following the protocol of Wang 
et  al.  (2012) with the restriction enzyme BgcI. Sequencing 
was performed at the Alfred Wegener Institute (Bremerhaven, 
Germany) on an Illumina Next- Seq 2000 using P2 reagents 
and generating 50- bp paired- end reads. Raw reads were de-
multiplexed by internal barcodes and PCR duplicates removed 
using a custom script (https:// github. com/ pmart ineza rbizu/  

FIGURE 2    |    External morphology of L. ultima. (A) Dorsal view 
with interlocking hinge teeth (black arrow; (Biv_321)) (B) Left valve 
of a translucent shell with a visible multiple coiled gut (black arrow; 
Biv_218). (C–E) Ventral view of specimens with levels of edge thicken-
ing: None (Biv_216), present (Biv_178), and pronounced (Biv_183). Scale 
bar: 1 mm.
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2bRADpp). The data were further processed using Stacks (v 
2.68; Rochette et  al.  2019). Demultiplexed reads were qual-
ity filtered with a minimum quality score threshold of 30 to 
retain high- confidence reads. Locus assembly and genotyp-
ing were performed using the Stacks modules. Loci were as-
sembled for each individual (ustacks), with minimum stack 
depths (- m) of three, five, and eight, a maximum of two mis-
matches (- M) between stacks, and a limit of four loci per in-
dividual (- N). Gapped alignment was disabled to maintain 
uniformity in the assembly process. Subsequently, cstacks was 
used to generate a catalog of loci based on a map file which 
allowed for the identification of shared loci across individu-
als. Using sstacks and gstacks, sequence data was aligned to 
this catalog, enabling the detection of matching loci and the 
generation of genotypic data. The populations module was 
employed with a minimum sample fraction threshold of 0.1 
and one population for all samples. All downstream analy-
ses were performed using individual SNP information (based 
on stacks output: populations.snps.vcf) in a custom R script 
(doi: 10.5061/dryad.t1g1jwtdr). Filtering thresholds were 
applied to remove individuals with > 75% missing genotype 
calls and loci with > 20% missing data. Polymorphic loci 
were retained by excluding singletons and non- polymorphic 
sites. Data manipulation utilized the R packages vcfR (Knaus 
and Grünwald  2017), adegenet (Jombart  2008; Jombart and 
Ahmed  2011), and SNPRelate (Zheng et  al.  2012). Filtered 
VCF files were converted to genlight and genind objects for 
subsequent analyses. Linkage disequilibrium (LD) pruning 
was performed with a threshold of r2 = 0.2, retaining a subset 
of loci for downstream population structure analyses. Missing 
genotype data were imputed and reformatted for compatibil-
ity with the LEA (Latent Environmental Ancestry) package 
(Frichot and François 2015). To assess the influence of min-
imum stack depth on genotyping outcomes, stack depths of 
three, five, and eight were tested (Table S3). As expected, in-
creasing the minimum stack depth reduced the total number 
of retained SNPs (2824, 2048, and 1410, respectively), while 
mean heterozygosity increased slightly from 0.0637 (m = 3) 
to 0.0681 (m = 8). All further analyses (except for conStruct) 
were performed with filtered SNPs from all three pipelines. 
Overall, we observed no major differences in downstream 
patterns of population structure across the three datasets. We 
therefore selected m = 5, ensuring sufficient marker density 
while minimizing potential genotyping errors.

Population structure was inferred using the Sparse 
Nonnegative Matrix Factorization (sNMF) algorithm from the 
LEA package. We tested values for the number of ancestral 
populations (K) ranging from 1 to 10 to identify the optimal 
number of populations, running 10 repetitions with 200 iter-
ations for each value of K. Entropy cross- validation was used 
to determine the most likely number of K, but did not yield a 
distinct minimum. Admixture bar plots were therefore gen-
erated for the most conservative probable K (K = 2) to visual-
ize the cluster membership proportions for each individual. 
Population structure was additionally assessed using Bayesian 
clustering (K = 2–5, 5000 iterations, non- spatial model) from 
the conStruct package (K = 2–5, 5000 iterations, non- spatial 
model) (Bradburd  2019). Posterior distributions for the ad-
mixture proportions from four independent Markov Chain 
Monte Carlo (MCMC) chains were extracted and checked for 

label switching. Any detected label switching was manually 
corrected for each cluster. Subsequently, mean admixture pro-
portions and 95% confidence intervals (CIs) were calculated. 
The effective sample size (ESS) for each cluster in each MCMC 
chain was computed using the effectiveSize function from the 
coda package (Plummer et al. 2006) to assess the stability of 
the chains. The Gelman–Rubin diagnostic was performed to 
evaluate convergence across chains, with the potential scale 
reduction factor (PSRF) calculated and visualized.

Pairwise Nei's genetic distances (Nei 1972) were calculated at the 
individual level based on allele frequencies derived from multi-
locus genotypes within and between basins using the StAMPP 
package (Pembleton et al. 2013). A discriminant analysis of prin-
cipal component (DAPC) was performed using the three main 
hierarchical clusters (based on Nei distances and ward.D) as 
the discriminant factor. The number of included principal com-
ponents was based on a- score optimization (10 PCs and 2 dis-
criminant functions). In addition, Nei's genetic distances were 
calculated pairwise between populations, based on population- 
level allele frequencies. The fixation index (FST) was calculated 
based on Nei and Chesser's (1983) corrected genetic differentia-
tion statistic, which accounts for genetic differentiation among 
populations by incorporating heterozygosity and adjusting for 
sample size biases, using the R package FinePop2 (Nakamichi 
et al. 2020). Nei distances and FST were visualized as a heatmap 
using the pheatmap package (Kolde  2019). To better visualize 
connectivity between basins, we mapped FST values alongside 
admixture proportions inferred from sNMF.

2.2.4   |   Proteomic Fingerprinting

Matrix- assisted laser desorption/ionization time- of- flight 
mass spectrometry (MALDI- TOF MS) was performed to obtain 
proteomic mass spectra, following the protocol given in Rossel 
et al. (2024). For each specimen, three mass spectra were mea-
sured. Raw spectral data from MALDI- TOF MS analyses were 
processed and analyzed using R (R Core Team 2024), utilizing 
the following packages: MALDIquant, MALDIquantForeign, 
adegenet, randomForest, vegan, reshape2, pheatmap, gg-
plot2, splus2R, RColorBrewer, plyr, and dplyr (Burns  2020; 
Gibb 2022; Gibb and Strimmer 2012; Jombart 2008; Kolde 2019; 
Liaw and Wiener 2002; Neuwirth 2022; Oksanen et al. 2019; 
Wickham 2023b, 2020, 2023a; Wickham et al. 2022). Spectral 
data were imported using the importBrukerFlex() function, 
with empty spectra removed. Spectra were trimmed to a mass 
range of 2000–20,000 m/z, and intensity values were square- 
root transformed to stabilize variance. Intensity smoothing 
was performed using the Savitzky–Golay algorithm (Savitzky 
and Golay  1964; window size = 10). Baseline correction was 
carried out using the SNIP algorithm (Ryan et al. 1988) with 
15 iterations, followed by total ion current (TIC) normaliza-
tion to adjust for differences in signal intensity across spectra. 
Technical replicates were averaged based on sample identifiers 
extracted from metadata. Averaging was performed using the 
mean intensity values of replicate spectra. Peaks were detected 
with a signal- to- noise ratio (SNR) threshold of 8, using a mov-
ing average (MAD) approach. Peak binning was conducted it-
eratively using a strict tolerance of 0.002 to group peaks with 
similar m/z values. The binning process was repeated until 
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the number of binned peaks remained constant. To remove 
noise, a lower detection threshold was defined based on the 
relationship between peak intensity and mean spectral noise. 
Peaks below 1.75 times the average noise level were set to 
zero. Spectral intensities were further normalized using the 
Hellinger transformation (Legendre and Gallagher 2001), and 
a final intensity matrix was created by averaging peak intensi-
ties across biological replicates. Metadata for each sample, in-
cluding mitotype, region, and group, were integrated into the 
matrix from an external reference table. DAPC was performed 
to identify population structure using successive k- means clus-
tering based on all 120 PCs. The optimal cluster number was 
determined based on Bayesian Information Criterion values. 
A Random Forest (RF) model (Breiman 2001) was employed 
to classify samples into regional groups based on spectral 
data. Samples were grouped into two broad regions, and RF 
classification was conducted using 10,000 trees and 22 vari-
ables per split. Hierarchical clustering based on Euclidean dis-
tances was performed on normalized peak intensities. Feature 
importance was assessed using Mean Decrease Accuracy, and 

the top 13 peaks (with values > 0.0006) were selected for pre-
sentation as a heatmap using the pheatmap package.

3   |   Results

3.1   |   Mitochondrial Markers

Mitochondrial markers were successfully amplified for 135 
specimens of L. ultima, yielding 235 novel sequences for the two 
markers COI (128 sequences; 615 bp) and 16S (107 sequences; 
99–157 bp). In total, 100 specimens were successfully sequenced 
for both markers. Sequence data are accessible in the Barcode 
of Life Data System (BOLD v4; Ratnasingham et al. 2024) via 
10.5883/DS- LEDUL. GenBank accession numbers are listed in 
Table S2.

The TCS haplotype network analyses for both mitochondrial 
markers (Figure  3) each resulted in five groups of mitochon-
drial haplotypes, hereafter referred to as mitotypes (MTs). 

FIGURE 3    |    TCS haplotype network analyses of L. ultima resulting in each of the five groups of mitochondrial haplotypes (mitotypes) for the ge-
netic markers (A) 16S and (B) COI. Colors correspond to the respective Atlantic basins. Hash marks refer to the number of mutational steps between 
specimens. Filled black circles correspond to missing haplotypes.
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Identification of MTs was based on the number of nucleotide 
substitutions (23–73) revealed by COI between MT 1 and MTs 
1a, 2, 2a, and 3, and were, respectively, transferred to the less di-
vergent network of 16S (Figure 3A). For both markers, samples 
were consistently allocated to respective mitotypes but were dis-
tributed across clusters and basins without clear geographic or 
genetic correspondence (Figure 3A,B). A total of 94 specimens 
spanning all Atlantic basins clustered as MT 1, including 94 se-
quences for COI and 88 sequences for 16S. Additional female 
mtDNA sequences from the NAB (COI: 68, 16S: 5, Table  S1) 
congruently clustered with MT 1. Fourteen specimens were as-
signed to MT 2, including 14 sequences for COI and eight se-
quences for 16S, covering all basins but the CVB and the AB. 
In addition, five male mtDNA 16S sequences from the NAB 
(Table S1) clustered with MT 2. Mitotype 3 yielded a total of 16 
specimens, including 16 COI and eight 16S sequences, covering 
the WEB, CVB, BB, and the CB. Furthermore, for both markers, 
one specimen from the BB and the CB was identified as MT 1a, 
and a single specimen from the BB was identified as MT 2a. The 
ASAP analyses of COI (Figure S1) and 16S (Figure S2) delimited 
partitions congruent with the haplotype network analyses but 
scored MT 1a and MT 2a either as separate clades or grouped 
with MT 1 and MT 2, respectively. K2P distances within mi-
totypes yielded a maximum of 0.05 for both markers (Table 2). 
Distances between mitotypes were found lowest for the compar-
isons of MT 1 and MT 1a (COI: 0.08–0.11, 16S: 0.02–0.08) and 
MT 2 and MT 2a (COI: 0.06–0.07, 16S: 0.02–0.05). Except for the 
distance between MT 1 and MT 3 for 16S (0.05–0.10), distances 
were found to range between 0.16–0.30 for COI and 0.10–0.25 
for 16S.

3.2   |   2b- RAD Analyses

For the applied stack depth m = 5, mean coverage per individual 
across 14,220 loci was 42X (Table S3). These values are in line 
with expected coverage for 2bRAD datasets (Wang et al. 2012). 
After quality filtering and SNP calling, a total of 2048 polymor-
phic loci were retained across 78 individuals. Samples were dis-
tributed across six basins, with the following sample sizes per 
region: WEB (n = 30), GUB (n = 3), CVB (n = 11), BB (n = 22), AB 
(n = 4), and CB (n = 8). No individuals from the NAB met the fil-
tering thresholds and were thus excluded from further analysis. 
The sNMF analysis did not identify a distinct minimum in the 
cross- entropy criterion across K values from 1 to 10 (Figure 4A), 
indicating the absence of strong population subdivision. Both 
sNMF and Bayesian clustering (conStruct) yielded largely con-
gruent ancestry coefficients (Figure 4B) for a scenario of K = 2. 
After evaluation of a wider range of K (Figure S3), we selected 
this scenario as the most parsimonious model based on com-
paratively lower entropy but also on biological relevance. This 
rather conservative approach acknowledges that the observed 
consistency in ancestry patterns may be shaped by large- scale 
oceanographic features. Specifically, the observed clustering 
aligns with major deep- sea current systems that may shape gene 
flow among abyssal basins. The NADW predominantly flows 
southward along the western Atlantic margin, facilitating po-
tential connectivity among the WEB, GUB, and CVB, where 
individuals predominantly cluster with K1 (black). In contrast, 
connectivity of South Atlantic basins, specifically the AB, may 
be more strongly influenced by the AABW. Individuals from AB T
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were predominantly assigned to the second cluster K2 (gray), 
forming a distinct genetic group. Intermediate proportions of 
admixture were found in the BB and CB regions. MCMC con-
vergence was confirmed for all conStruct runs with PSRF values 
< 1.1 and ESS > 250 for all K values (Figure  4C–E). Although 
CIs were high for a small subset of individuals, the data suggest 
adequate convergence and stability of the admixture estimates. 
To explore whether mitochondrial haplotype distributions mir-
rored genomic population structure, mitotypes were overlaid 
onto the admixture results (Figure 4A). Mitotypes were distrib-
uted across clusters and basins without clear geographic or ge-
netic correspondence. Two mitotypes (1a and 2a), represented by 
single individuals, were considered indeterminate and excluded 
from population- level interpretation.

Pairwise Nei's genetic distances among individuals were cal-
culated separately for within-  and between- basin comparisons, 
showing substantial overlap (Figure  5A). However, certain 
between- basin comparisons showed elevated values, most nota-
bly between AB and WEB, which exhibited some of the highest 
pairwise genetic distances among all basin pairs. FST values cal-
culated from LD- pruned, polymorphic loci ranged from 0.002 
to 0.018, indicating overall low levels of genetic differentiation 
across regions. The highest values were observed between AB 
and CVB (FST = 0.018), followed by AB–WEB and AB–GUB 
comparisons. In contrast, minimal differentiation was detected 
between WEB, GUB, and CVB. These patterns are visualized 
as an FST heatmap (Figure 5B), highlighting subtle but consis-
tent genetic structure among basins. Nei's genetic distances be-
tween populations revealed similar patterns of differentiation 
(Figure 5B), except for elevated distances involving GUB. These 
values should be interpreted with caution, as unbalanced sample 

sizes may have inflated estimates of genetic divergence (Kitada 
et  al.  2021). The mapped FST values alongside admixture pro-
portions inferred from sNMF, averaged for each basin, illustrate 
the extent of connectivity between populations by geographic 
distance (Figure  5C), with line widths inversely proportional 
to genetic differentiation (FST). The DAPC, using inferred clus-
ters from hierarchical Ward clustering on pairwise Nei's genetic 
distances, supported the separation of AB from all other basins 
(Figure 5D). The first discriminant function accounted for most 
of the inter- basin variance and separated AB individuals from 
those in the WEB, GUB, and CVB. The BB and CB samples oc-
cupied an intermediate position along this axis.

3.3   |   Proteomic Fingerprinting

In total, 120 specimens were used in the MALDI- TOF MS 
analysis. Their clustering based on relative proteomic com-
position resulted in two main groups (Figure 6A). One group 
included all specimens sampled in the central Atlantic (GUB 
and CVB) and the south- east Atlantic (CB), as well as an ad-
ditional three samples from the south- west Atlantic (BB). The 
second group clustered all specimens from the north Atlantic 
(WEB and NAB) and the south- west Atlantic (AB), as well 
as all remaining samples from the BB. A RF model based on 
these two groups (out of box error: 0.03) revealed mass peaks 
that are considered important for the differentiation between 
groups. While all peaks were found in specimens from both 
groups, between- group peak intensities differed distinctly 
(Figure 6B). Within the RF model, every specimen received a 
probability of assignment to the CB_CVB_GUB class, ranging 
from 0.4 to 0.6 (Figure 6C). DAPC analysis revealed a solution 

FIGURE 4    |    Patterns of population structure for L. ultima based on SNP data obtained by 2b- RAD sequencing. (A) Proportions of ancestry for 
K = 2 using the Sparse Nonnegative Matrix Factorization (sNMF) algorithm and Bayesian clustering, with posterior distributions for admixture 
proportions from four independent Markov Chain Monte Carlo (MCMC) chains. For each cluster, mean admixture proportions and 95% confidence 
intervals (CIs) were calculated. Colored bars correspond to mitotypes (top) and six Atlantic basins (bottom). (B) Cross- entropy criterion, potential 
scale reduction factor (PSRF) calculations, and effective sample sizes (ESS) across K values from 1 to 10.
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FIGURE 5    |    Genetic distance based on SNP data calculated from LD- pruned, polymorphic loci. (A) Calculated pairwise Nei's genetic distances 
among individuals for intra-  and inter- basin comparisons, including comparisons between the geographically most distant basins. (B) Heatmap of 
FST values (upper) and Nei's genetic distance (lower), using a color gradient between red for smallest and blue for largest values. (C) Illustrated view 
of proportions of ancestry for K = 2, inferred from the Sparse Nonnegative Matrix Factorization (sNMF) algorithm averaged for each basin. Circle 
size indicates sample size; line width is inversely proportional to genetic differentiation (FST) between basins. Map generated with Ocean Data View 
(Schlitzer 2022). (D) Inferred clusters by DAPC from hierarchical Ward clustering on pairwise Nei's genetic distances. Colors represent respective 
Atlantic basins.

FIGURE 6    |    Proteome fingerprinting results from specimens of L. ultima across seven Atlantic basins. (A) Clustering results based on the relative 
proteomic composition across samples. Colored bars correspond to basins (top) and mitotypes (bottom). (B) Heatmap of relative intensities of mass 
peaks for differentiation at the population level, identified using the RF classifier. (C) Probability of assignment for the RF model and the DAPC anal-
ysis, revealing a solution of two k- means clusters.
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of two k- means clusters and was able to discriminate all but 
two specimens into the same groups as the hierarchical clus-
tering. Mitotypes delineated by the mtDNA analyses were in-
cluded for reference and resulted in a scattered distribution 
across basins and groups. Clustering results were checked 
against shell morphometric measurements, including length, 
width, and levels of ventral edge thickening (data not shown). 
No correlation was found.

4   |   Discussion

Low genetic differentiation across abyssal plains has been hy-
pothesized to result from an interplay of reduced habitat het-
erogeneity, slow evolutionary rates, few topographic barriers, 
and extensive gene flow between distant populations (Etter 
et al. 2005; Rex and Etter 2010; Jennings et al. 2013). Yet, our 
understanding of population structure and connectivity in 
these understudied habitats remains scarce. Subtle population 
structures that may exist in such environments can remain 
undetected when relying solely on mitochondrial markers 
like 16S or COI, which often lack the resolution to capture 
fine- scale genetic patterns (Andrews et  al.  2016; Hurst and 
Jiggins  2005; Reitzel et  al.  2013). To overcome these limita-
tions, we combined mitochondrial markers with genome- wide 
SNP data and proteomic fingerprinting to assess whether sub-
tle population structure and potential ecological subdivision 
exist in the abyssal bivalve L. ultima across major Atlantic 
basins.

4.1   |   Phylogeographic Patterns and Population 
Connectivity

The analyses of SNP data detected subtle genetic structure, 
despite uniformly low absolute FST values across basins 
(0.002–0.018). Comparably low FST values have been reported 
in other deep- sea mussel species (Xu et al. 2017; Yao et al. 2022). 
Although numerically small, this approximately tenfold varia-
tion in FST estimates indicates biologically meaningful structure 
when interpreted in the context of overall low heterozygosity 
in the data, as well as high- dispersal potential and large effec-
tive population sizes (Ne). This emphasizes the necessity of ap-
plying genome- wide markers to resolve fine- scale population 
structure, as has been demonstrated for different deep- sea or-
ganisms (Diaz- Recio Lorenzo et  al.  2024; Galaska et  al.  2017; 
Pante et al. 2015; Takata et al. 2021; Xu et al. 2018). Generally, 
population sizes of L. ultima across the abyssal Atlantic are 
huge (Allen 2008; Allen and Hannah 1989), with an estimated 
Ne of more than 10 million individuals for the NAB alone (Etter 
et al. 2011). It is likely that the high number of reproducing in-
dividuals weakens the effects of genetic drift and contributes to 
the maintenance of the overall similar genetic architecture seen 
in our data, where a general concordance between FST patterns 
and the pairwise Nei's genetic distance between populations 
suggests that historical divergence and current gene flow con-
tribute at a similar scale (Marko and Hart 2012).

The extensive gene flow between distant populations of L. ul-
tima might seem counterintuitive at first (Etter et al. 2011), es-
pecially because the overall slow abyssal currents would rather 

be suggestive of limited dispersal distances (Stow et  al.  2019; 
Zenk  2008). This perspective aligns with the long- standing 
paradigm that pelagic lecithotrophs are altogether less disper-
sive than planktotrophs (Calow 1983; Jablonski and Lutz 1983; 
O'Connor et  al.  2007). Especially for deep- sea taxa, however, 
it has repeatedly been shown that lecithotrophic development 
itself does not constrain dispersal (Levin  2006; Weersing and 
Toonen 2009; Young et al. 1997). For example, in echinoderm 
lecithotrophs, not only was the duration of the free- swimming 
phase found to be longer when coupled to lowered temperatures 
(Mercier et al. 2013), but also the swimming- speed capacity in-
creased when compared to planktotrophic larvae of comparable 
size (Montgomery et al. 2019). In L. ultima, the development of 
few, large- sized eggs per female is balanced by high population 
densities (Allen and Hannah 1989; Scheltema 1972). Since more 
energy per egg is provided compared to planktotrophs, and tem-
peratures at abyssal depths are constantly low, lecithotrophic 
larvae likely have the ability to delay developmental rates and 
increase their dispersal rates (Scheltema  1972; Young  2003; 
Scheltema and Williams 2009; Jennings et al. 2013). Given that 
this numerically abundant species has rarely been sampled above 
3000 m, it seems plausible that populations of L. ultima contin-
uously produce vital numbers of recruits, sufficient to maintain 
self- sustained populations, replenish adjacent populations, and 
maintain gene flow by passive transport processes of pelagic 
lecithotrophic larvae across the continuous abyssal plains. We 
postulate that deep- ocean circulation dynamics and the use of 
geographically intermediate soft- bottom habitats are crucial for 
the maintenance of genetic connectivity in this tiny pan- Atlantic 
bivalve. Furthermore, periodic strong bottom flows in northern 
and southern basins, with the potential to sweep larvae and 
juveniles together with surficial organic matter across the sea-
bed (Gardner et  al.  2017; Hollister and McCave  1984; Thistle 
et  al.  1991; Zenk  2008), may be an additional driver for the 
maintenance of connectivity between populations in the deep 
sea (Aller 1989; Gheerardyn and Veit- Köhler 2009; Harris 2014; 
Meißner et al. 2023).

Our SNP analyses recovered highest FST values between AB–
WEB, AB–GUB, and AB–CVB. Together with a concordant 
signal in Nei values for AB, this suggests a genuine pattern of 
differentiation. Elevated Nei distances at low FST values in the 
GUB are more likely attributable to sampling artifacts caused 
by unbalanced datasets than to actual genetic divergence. We 
observed low genetic divergence between the geographically 
distant basins WEB and CB; however, markedly higher levels 
of genetic differentiation between the similarly distant basins 
WEB and AB (Figure  5A–C). This implies that isolation by 
geographic distance is not acting as a key driver and evokes an 
important distinction between the geographic and the effec-
tive distance between basins (Dambach et al. 2016; McClain 
and Hardy 2010; Xuereb et al. 2018). Whereas distance is often 
interpreted by means of a two- dimensional scale, the direc-
tion and strength of bottom currents in the three- dimensional 
marine realm have a direct effect on the potential for dispersal 
and thus gene flow between populations (Lecroq et al. 2009; 
Menzel et al. 2011; Miller and Gunasekera 2017). This implies 
that the deep- water circulation patterns of AABW and NADW 
provide direct but non- uniform links between populations in 
the Atlantic. While the propagation of NADW connects the 
north and central Atlantic region, as well as the south- west 
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African margin, the AABW mainly links the west- Atlantic 
margins, including parts of the north- eastern corridors of 
the MAR facilitated by deep abyssal channels (Ferreira and 
Kerr 2017; Garzoli and Matano 2011; Morozov et al. 2010). As 
for the low genetic divergence between WEB and CB and the 
proportions of ancestry revealed by our analysis, we propose 
the genetic admixture to be driven by the north- east direc-
tional flow of NADW. Upon its crossing of the MAR through 
extensive fracture zones in the central Atlantic (German 
et al.  2011; Morozov et al.  2010), most of NADW is retained 
in the Angola Basin through advective currents caused by the 
Walvis Ridge (Bartels 2008; Shannon and Chapman 1991). As 
demonstrated for polychaetes (Fiege et al. 2010), harpacticoid 
copepods (Menzel et  al.  2011) and isopods (Brix et  al.  2011, 
2015; Brökeland 2010), the Walvis Ridge does not appear as an 
absolute barrier for connectivity, allowing a fraction of bottom 
water to enter the CB. While similar patterns of genetic con-
nectivity across ocean basins have been shown for brooding 
isopods (Bober et al. 2018; Brix et al. 2011, 2015), indicating 
bottom- water masses to function as vectors for population 
connectivity, the 16S data analysis by Etter et  al.  (2011) re-
vealed modest genetic divergence between populations of L. 
ultima from eastern and western basins of the North Atlantic, 
suggesting the MAR to function as a topographic barrier to 
gene flow. Since we do not see such distinctive barriers to gene 
flow in our genome- wide analysis of population structure, we 
interpret these patterns as basin- based divisions with possible 
small- scale effects of the MAR instead.

The concept of effective distance can be developed further 
by integrating the potential for asymmetric gene flow, where 
migration between populations follows a unidirectional fash-
ion mediated by current flows and strong advection processes 
(Snead et  al.  2023; Stow et  al.  2019; Xuereb et  al.  2018). For 
the south- east Atlantic basins AB and BB, our analysis results 
of sNMF and Bayesian MCMC congruently found an overall 
mixed proportion of ancestry for K1 and K2 in the BB, and a 
predominance of K2 in the AB (Figure 4A). These findings are 
indicative of asymmetric gene flow mediated by the intensity 
and directional flows of AABW and NADW, possibly evoking 
a unidirectional migration from the AB population into the BB 
population, and the result of fine- scale genetic structure ob-
served. While a large fraction of AABW passes the Rio Grande 
Rise through the Vema Gap into the BB (Morozov et al. 2010, 
2023), minimizing the effective distance, the southward flow 
of NADW into the AB is largely restrained by retentive hy-
drodynamic forces (Alberoni et  al.  2020; Perez et  al.  2020), 
increasing the effective distance between these basins. While 
the predominance of K2 in the AB and indications of asym-
metric gene flow could suggest this basin to serve as a poten-
tial site for ongoing speciation processes, and a fraction of 
individuals from the BB showed a proportion of ~90% of ei-
ther K1 or K2, implying patterns of assortative reproduction, 
we advise careful interpretation of these findings. Given that 
the sNMF clustering revealed generally higher mixing pro-
portions in the BB compared to the Bayesian MCMC, and we 
generally found low genetic differentiation across basins, we 
already discussed population structure at a fine scale where 
the risk for overinterpretation is almost inevitable.

4.2   |   Proteomic Fingerprinting

Proteomic analyses revealed two distinct groups: one compris-
ing the central and south- east Atlantic (GUB, CVB, CB) and 
the other spanning the north-  and south- west Atlantic (WEB, 
NAB, BB, AB). This division contrasts with the genetic struc-
ture inferred from SNP data but aligns with the scattered dis-
tribution of mitotypes across basins and groups. Given that 
previous proteomic studies have been successfully applied for 
species identification (Paulus et  al.  2022; Peters et  al.  2023; 
Renz et  al.  2021), differentiation of cryptic lineages (Kaiser 
et al. 2018), and distinguishing reproductive stages at the spe-
cies level (Rossel et al. 2023), our findings show that the ge-
netic divergence between mitochondrial haplotypes does not 
correspond to proteomic differentiation and support the pres-
ence of a single species. A test for correlation between clus-
tering results and the distribution of shell size (width, length) 
and the extent of ventral edge thickening (see Figure 2) did not 
reveal any congruence and is further supportive of a single- 
species hypothesis (personal observation, data not shown). 
We simply tested this to implement the little we know about 
the ecology of L. ultima, producing a few large eggs when ex-
ceeding a length of 2.4 mm, upon which the edge thickening 
initiates (Allen and Hannah  1989; Tyler et  al.  1992). As the 
thickening increases the shell volume and space for eggs, it 
could have served as a proxy for reproductive activity and sex-
ual maturation.

We suggest that the observed proteomic variation in L. ultima 
reflects environmentally driven shifts in protein expression 
at the intraspecific level, potentially caused by differences 
in particulate organic carbon (POC) flux to the abyssal sea-
floor. Specifically, we hypothesize that the first group (GUB, 
CVB, CB) experiences lower annual POC flux than the sec-
ond group (WEB, NAB, BB, AB). Existing data support this 
hypothesis to some extent, albeit with significant gaps in our 
understanding. The CB is considered an oligotrophic environ-
ment, with estimated annual POC fluxes of less than 1 g Corg 
m−2 y−1 (Schmiedl et al. 1997; Watling et al. 2013). Similarly, 
nutrient availability in the central Atlantic near the CVB 
(18° N 21° W) has been described as low (Antia et  al.  2001). 
However, seasonal blooms in the eastern equatorial Atlantic 
have been reported to enhance POC flux in this region (Lutz 
et  al.  2007; Pérez et  al.  2005). The north-  (WEB, NAB) and 
south- west Atlantic (BB, AB) generally exhibit moderate 
to high POC fluxes (2–6 g Corg m−2 y−1; Watling et  al.  2013; 
Lampitt et al. 2023), suggesting a relatively productive abys-
sal environment that potentially supports higher metabolic 
activity and proteomic signatures distinct from the central 
and south- east Atlantic. While these observations suggest a 
link between POC flux and proteomic differentiation, it re-
mains speculative due to the limited availability of direct mea-
surements of POC flux and environmental conditions across 
these basins. Additional long- term, spatially resolved biogeo-
chemical studies are necessary to validate this potential cor-
relation. An integration of epigenetic analyses could further 
help to determine whether the observed proteomic shifts are 
driven by transient physiological responses or stable adaptive 
mechanisms.
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4.3   |   Mitochondrial Inheritance Patterns

The analysis of the COI marker identified five mitotypes with-
out clear geographic or genetic correspondence. We interpret 
these patterns to result from sex- specific heteroplasmic mtDNA, 
which has repeatedly been shown to challenge assessments of 
genetic lineages and evolutionary inference across marine taxa 
(Chow et  al.  2021; Shigenobu et  al.  2005; Vollmer et  al.  2011) 
and bivalves specifically (Capt et al. 2020; Ghiselli et al. 2021; 
Passamonti and Ghiselli 2009; Robicheau et al. 2017; Zouros and 
Rodakis 2019). We therefore propose that robust assessments of 
regional genetic structure based on mitochondrial data alone are 
only possible between specimens of the same mitotype, rather 
than across the highly divergent mitochondrial lineages. For the 
16S marker in particular, only a single main haplotype was de-
tected within each mitotype, highlighting the limited resolution 
of 16S for assessing regional differentiation in this species (Etter 
et al. 2005, 2011) and other metazoan taxa (Cho and Shank 2010; 
Miller et al. 2010; Neal et al. 2018; Thornhill et al. 2008).

Besides the presence of heteroplasmic mtDNA, many bivalves 
exhibit a peculiar mitochondrial inheritance system called dou-
bly uniparental inheritance (DUI), which maintains two sex- 
specific mtDNA types within a single individual (for details, see 
Breton et al. 2007; Gusman et al. 2016; Guerra et al. 2017; Ghiselli 
et al. 2021; Smith et al. 2023). Under DUI, females transmit their 
mtDNA (F- type) to both sexes, while males pass theirs (M- type) 
to sons only (Passamonti and Ghiselli 2009; Smith et al. 2023). 
Thus, males are heteroplasmic for their mtDNA, with the 
M- type typically in gonads and the F- type in somatic tissue, 
although this ratio varies by species and tissue type (Garrido- 
Ramos et  al.  1998; Machordom et  al.  2015; Obata et  al.  2006; 
Passamonti and Scali 2001; Sano et al. 2007). Overall, intraspe-
cific divergence between F and M mtDNA may vary from 10% 
to over 50% (Breton et  al.  2007; Capt et  al.  2020; Passamonti 
and Ghiselli 2009; Robicheau et al. 2017; Zouros 2013), for ex-
ample in the species Mytilus edulis, M. trossulus, and M. cali-
fornianus (10%–20%; Zouros  2013), M. modiolus (37%–40%; 
Robicheau et  al.  2017), and the freshwater mussel Quadrula 
quadrula (52%; Doucet- Beaupré et al. 2010). The prevalence of 
DUI further complicates the transmission of female and male 
mtDNA. Mitochondrial role- reversal, for instance, can lead to 
genome masculinization, where female mtDNA displaces the 
M- type and establishes itself as a new male lineage (for details, 
see Hoeh et al. 1997; Theologidis et al. 2008; Stewart et al. 2009; 
Sańko and Burzyński 2014; Gusman et al. 2016). Because such 
events can reset F-  and M- type divergence to zero and enable 
new divergence patterns, the F-  and M- types within males can 
show high divergence or be nearly identical (Hoeh et al. 1997; 
Quesada et al. 1999; Stewart et al. 2009; Theologidis et al. 2008; 
Zouros 2013). The rapid evolution of male mtDNA may reduce 
sequence similarity to standard mitochondrial primers, ren-
dering it undetectable by PCR. In contrast, the slower- evolving 
F- type retains similarity to universal primers, increasing its am-
plification likelihood (Hoeh et al. 2002).

Collectively, DUI has been attested in at least seven bivalve 
families (Doucet- Beaupré et  al.  2010; Gusman et  al.  2016; 
Theologidis et al. 2008; Walker et al. 2006) and has been sug-
gested as the likely source for previously evidenced mitochon-
drial heteroplasmy in L. ultima (Boyle and Etter 2013). Therein, 

mitochondrial heteroplasmy was attested by the use of specifi-
cally targeted mitochondrial fragments and cloning. From about 
half of their specimens, Boyle and Etter (2013) amplified both F-  
and M- types of mtDNA, showing up to 27% divergence, whereas 
the remaining individuals yielded only female mtDNA. This 
degree of divergence falls within the range observed in bivalves 
with DUI (e.g., Gusman et al. 2016; Robicheau et al. 2017), as 
well as the genetic intraspecific divergence of up to 30% ob-
served in our data (Table 2). However, experimental validation 
of DUI in deep- sea protobranchs is presently impractical, as they 
are difficult to sustain under laboratory conditions and are likely 
to have long generation times (Boyle and Etter 2013; Turekian 
et al. 1975; Zardus 2002). Although likely that DUI is the source 
for mitochondrial heteroplasmy in L. ultima, the current state 
of knowledge on the genetic complexity in this species does not 
yet allow for final conclusions on the presence of DUI. Yet, we 
highlight this genetic complexity at the intraspecific level, as it 
can lead to overestimations of species diversity due to misinter-
preted genetic distances in L. ultima, as seen in other taxa (Chow 
et al. 2021; Martínez et al. 2023; Wai Ho and Hanafiah 2024). 
When examined independently from SNP and proteomic data, 
the large genetic distances may suggest multiple lineages or 
cryptic species of L. ultima. However, this is misleading for 
several reasons. Our data indicate that the observed genetic di-
vergence of up to 30% is owed to heteroplasmic mtDNA, since 
all sequences from the NAB, pre- defined to female and male 
mtDNA, clustered with MT 1 and MT 2, respectively (Table S1). 
Mitotype 1 likely reflects female mtDNA from either homoplas-
mic females or heteroplasmic males with a dominant F- type. 
Thus, MT 1 likely includes specimens of both sexes, whereof the 
female mtDNA was sequenced. A fraction of the M- type may 
have gone undetected by universal primers. However, this is un-
likely as MT 2 clustered with pre- sequenced male mtDNA from 
the NAB. We suggest that the predominant M- type of specimens 
in MT 2 has likely been sequenced from mature individuals with 
higher fractions of gonadal tissue. Morphometric shell measure-
ments of the 14 specimens from MT 2 revealed a shell length 
of 2.6–3.0 mm (data not shown), consistent with the minimum 
shell length of 2.4 mm for L. ultima to initiate gonadal develop-
ment (Allen and Hannah 1989). The presence of MT 3 and the 
mitotypes 1a and 2a complicates interpretation. Since masculin-
ized mtDNA could sequentially evolve into new M- types (Hoeh 
et al. 2002; Sańko and Burzyński 2014; Stewart et al. 2009), we 
propose these mitotypes to represent ongoing role- reversal or 
transitional states of the established F-  and M- types. Specifically 
targeted sequencing and cloning aligned with the protocols in 
Boyle and Etter  (2013) on sexed specimens are encouraged to 
test this hypothesis in future applications.

4.4   |   Conclusions and Implications 
for Conservation

Facilitated by the decadal sampling hubs of the aforementioned 
international programs, the pan- Atlantic collection of L. ultima 
has enabled a multidisciplinary study of population connectiv-
ity at abyssal depths. While mitochondrial data suggested in-
flated genetic divergence due to heteroplasmic inheritance and 
potential DUI mechanisms, our nuclear SNP and proteomic 
analyses revealed overall low genetic divergence with support 
of a single species. Subtle yet significant population structure 
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was identified, indicating two genetically connected but dis-
tinguishable source populations in the northern/central and 
southern Atlantic, with admixture zones in the BB and CB. This 
genetic structuring did not correlate with mitotype distribution, 
but rather reflected patterns consistent with gene flow driven 
by abyssal circulation and asymmetric gene flow mediated by 
the northward trajectory AABW. Furthermore, proteomic dif-
ferentiation pointed to ecological divergence in protein expres-
sion, potentially linked to regional differences in POC flux. Our 
findings highlight the limitations of mitochondrial markers in 
the presence of complex inheritance systems and underscore 
the value of integrating nuclear genomic and proteomic tools to 
decipher population connectivity in abyssal species. In addition 
to this population genetic approach, these samples have facili-
tated the assessment of L. ultima as Least Concern on the IUCN 
Red List (de Wilt 2024), offering important information for the 
growing conservation efforts in deep- sea ecosystems (Sigwart 
et al. 2019, 2023). With prospective Atlantic deep- sea mining ac-
tivities (Amorim et al. 2024; Dunn et al. 2018; Hein et al. 2013) 
and environmental impacts of climate change (Ramirez- Llodra 
et al. 2010; Samuelsen et al. 2022) posing imminent threats to 
deep- sea biodiversity, this study highlights the critical need for 
sustained long- term international monitoring to inform future 
conservation measures for deep- ocean ecosystems, where our 
understanding of evolutionary and ecological processes still re-
mains in its infancy.

Author Contributions

Jenny Neuhaus: conceptualization (equal), data curation (lead), for-
mal analysis (lead), investigation (lead), methodology (equal), project 
administration (lead), visualization (equal), writing – original draft 
(lead), writing – review and editing (lead). Mark E. de Wilt: data cu-
ration (equal), formal analysis (equal), investigation (equal), project 
administration (equal), software (supporting), validation (supporting), 
writing – review and editing (supporting). Sven Rossel: data curation 
(supporting), formal analysis (supporting), methodology (supporting), 
writing – review and editing (supporting). Saskia Brix: conceptualiza-
tion (lead), funding acquisition (lead), project administration (support-
ing), resources (supporting), supervision (lead), writing – review and 
editing (supporting). Ron J. Etter: data curation (supporting), valida-
tion (supporting), writing – review and editing (supporting). Robert M. 
Jennings: data curation (supporting), resources (supporting), writing 
– review and editing (supporting). Katrin Linse: conceptualization 
(lead), resources (supporting), supervision (supporting), writing – re-
view and editing (supporting). Pedro Martínez Arbizu: formal analy-
sis (supporting), funding acquisition (lead), methodology (supporting), 
software (supporting), supervision (lead), writing – review and editing 
(supporting). Martin Schwentner: formal analysis (supporting), soft-
ware (supporting), validation (supporting), writing – review and editing 
(supporting). Janna Peters: formal analysis (supporting), method-
ology (supporting), software (equal), validation (equal), visualization 
(supporting), writing – original draft (supporting), writing – review and 
editing (supporting).

Acknowledgments

This work was supported by the German Federal Ministry of Education 
and Research (BMBF) through grant no. GPF 21- 2_052 as part of the 
IceDivA project (Förderkennzeichen 03G0286NA) and the German 
Research Foundation (DFG) initiative 1991 “Taxonomics” (grant no. 
RE2808/3- 1/2). This is a contribution to the iAtlantic project, funded by 
EU/HORIZON 2020, Blue Growth (grant agreement no. 818123). K.L. 
is part of the British Antarctic Survey Polar Science for Planet Earth 

Programme funded by The Natural Environment Research Council 
(NERC) [NC- Science]. This research was made possible with assistance 
from Captains, crews, project leads, and students of the expeditions 
SO280, SO276, SO237, M79/1, EN477, M63/2, and PS67. This publica-
tion contributes to the Vema projects and is an ANDEEP publication 
#222. The technician team of the DZMB Hamburg, Karen Jeskulke, 
Antje Fischer, Nicole Gatzemeier, and Sven Hoffmann, was most help-
ful with sample assistance. Sahar Khodami and Angelina Eichsteller 
are thanked for their help with SNP sample processing. Nancy Kühne 
and Lars Harms from the Alfred Wegener Institute were most helpful 
with SNP sequence generation, providing the Illumina Next- Seq and 
laboratory services. This is publication #004- 25 that includes molecu-
lar data generated with the support of the LIB—Center for Molecular 
Biodiversity Research's Molecular Laboratory, Hamburg, publication 
#104 that uses data from the Senckenberg am Meer Metabarcoding 
and SNG laboratory, and publication #22 of the Senckenberg am Meer 
Proteome Laboratory. Open Access funding enabled and organized by 
Projekt DEAL.

Disclosure

Benefit- Sharing Statement: A research collaboration was developed 
with international scientists providing genetic samples. All collabo-
rators are included as co- authors. Benefits from this research accrue 
from the sharing of our data and results on public databases as de-
scribed above.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Novel mitochondrial DNA sequences are deposited to the NCBI 
Nucleotide Database under accessions PQ179865–PQ179990 (COI) and 
PV131957–PV132063 (16S). Metadata, images, and raw sequence data 
are deposited to the Barcode Of Life Database (10.5883/DS- LEDUL). 
Raw sequence reads from 2b- RAD are deposited in the SRA (BioProject 
PRJNA1245090) under accessions SAMN47739826–SAMN47739903. 
Individual genotype data, proteomic data, and R scripts are available on 
DataDryad (10.5061/dryad.t1g1jwtdr).

References

Alberoni, A. A. L., I. K. Jeck, C. G. Silva, and L. C. Torres. 2020. 
“The New Digital Terrain Model (DTM) of the Brazilian Continental 
Margin: Detailed Morphology and Revised Undersea Feature Names.” 
Geo- Marine Letters 40: 949–964. https:// doi. org/ 10. 1007/ s0036 7-  019-  
00606 -  x.

Allen, J. A. 2008. “Bivalvia of the Deep Atlantic.” Malacologia 50, no. 
1–2: 57–173. https:// doi. org/ 10. 4002/ 0076-  2997-  50.1. 57.

Allen, J. A., and F. J. Hannah. 1989. “Studies on the Deep Sea 
Protobranchia: The Subfamily Ledellinae (Nuculanidae).” Bulletin of 
the British Museum (Natural History). Zoology 55, no. 2: 123–171.

Allen, J. A., and H. L. Sanders. 1996. “The Zoogeography, Diversity 
and Origin of the Deep- Sea Protobranch Bivalves of the Atlantic: The 
Epilogue.” Progress in Oceanography 38, no. 2: 95–153. https:// doi. org/ 
10. 1016/ S0079 -  6611(96) 00011 -  0.

Aller, J. Y. 1989. “Quantifying Sediment Disturbance by Bottom 
Currents and Its Effect on Benthic Communities in a Deep- Sea Western 
Boundary Zone.” Deep Sea Research Part A, Oceanographic Research 
Papers 36, no. 6: 901–934. https:// doi. org/ 10. 1016/ 0198-  0149(89) 
90035 -  6.

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990. 
“Basic Local Alignment Search Tool.” Journal of Molecular Biology 215: 
403–410. https:// doi. org/ 10. 1016/ S0022 -  2836(05) 80360 -  2.

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5883/DS-LEDUL
https://doi.org/10.5061/dryad.t1g1jwtdr
https://doi.org/10.1007/s00367-019-00606-x
https://doi.org/10.1007/s00367-019-00606-x
https://doi.org/10.4002/0076-2997-50.1.57
https://doi.org/10.1016/S0079-6611(96)00011-0
https://doi.org/10.1016/S0079-6611(96)00011-0
https://doi.org/10.1016/0198-0149(89)90035-6
https://doi.org/10.1016/0198-0149(89)90035-6
https://doi.org/10.1016/S0022-2836(05)80360-2


15 of 21

Amorim, F. N., M. Caetano, L. Bastos, and I. Iglesias. 2024. “Deep- 
Sea Mining Rock- Fragment Dispersal Scenarios Associated With 
Submesoscale Forcings: A Case Study in the Atlantic.” Heliyon 10: 
e34174. https:// doi. org/ 10. 1016/j. heliy on. 2024. e34174.

Andrews, K. R., J. M. Good, M. R. Miller, G. Luikart, and P. A. 
Hohenlohe. 2016. “Harnessing the Power of RADseq for Ecological 
and Evolutionary Genomics.” Nature Reviews Genetics 17, no. 2: 81–92. 
https:// doi. org/ 10. 1038/ nrg. 2015. 28.

Antia, A. N., W. Koeve, G. Fischer, et al. 2001. “Basin- Wide Particulate 
Carbon Flux in the Atlantic Ocean: Regional Export Patterns and 
Potential for Atmospheric CO2 Sequestration.” Global Biogeochemical 
Cycles 15, no. 4: 845–862. https:// doi. org/ 10. 1029/ 2000G B001376.

Ausubel, J. H., D. Crist, and P. E. Waggoner. 2010. “First Census of 
Marine Life 2010: Highlights of a Decade of Discovery.” In Census of 
Marine Life. Census of Marine Life International Secretariat. http:// 
www. coml. org/ press relea ses/ censu s2010/  PDF/ Highl ights -  2010-  Repor 
t-  Low-  Res. pdf.

Baco, A. R., R. J. Etter, P. A. Ribeiro, S. von der Heyden, P. Beerli, and 
B. P. Kinlan. 2016. “A Synthesis of Genetic Connectivity in Deep- Sea 
Fauna and Implications for Marine Reserve Design.” Molecular Ecology 
25: 3276–3298. https:// doi. org/ 10. 1111/ mec. 13689 .

Bartels, T. 2008. “Imaging of Cenozoic Climatic Events and Bottom 
Water Activities at the Northeastern Flank of Walvis Ridge: A 
Correlation of Seismic Data With Borehole Data Measurements.” 
Dissertation. Universität Bremen. http:// elib. suub. uni-  bremen. de/ diss/ 
docs/ 00010 984. pdf.

Benestan, L., T. Gosselin, C. Perrier, B. Sainte- Marie, R. Rochette, and 
L. Bernatchez. 2015. “RAD Genotyping Reveals Fine- Scale Genetic 
Structuring and Provides Powerful Population Assignment in a Widely 
Distributed Marine Species, the American Lobster (Homarus ameri-
canus).” Molecular Ecology 24: 3299–3315. https:// doi. org/ 10. 1111/ mec. 
13245 .

Birky, C. W. 2001. “The Inheritance of Genes in Mitochondria and 
Chloroplasts: Laws, Mechanisms, and Models.” Annual Review of 
Genetics 35: 125–148.

Bober, S., S. Brix, T. Riehl, M. Schwentner, and A. Brandt. 2018. “Does 
the Mid- Atlantic Ridge Affect the Distribution of Abyssal Benthic 
Crustaceans Across the Atlantic Ocean?” Deep- Sea Research Part II: 
Topical Studies in Oceanography 148: 91–104. https:// doi. org/ 10. 1016/j. 
dsr2. 2018. 02. 007.

Boschen- Rose, R. E., and A. Colaço. 2021. “Northern Mid- Atlantic 
Ridge Hydrothermal Habitats: A Systematic Review of Knowledge 
Status for Environmental Management.” Frontiers in Marine Science 8: 
657358. https:// doi. org/ 10. 3389/ fmars. 2021. 657358.

Boyle, E. E., and R. J. Etter. 2013. “Heteroplasmy in a Deep- Sea 
Protobranch Bivalve Suggests an Ancient Origin of Doubly Uniparental 
Inheritance of Mitochondria in Bivalvia.” Marine Biology 160: 413–422. 
https:// doi. org/ 10. 1007/ s0022 7-  012-  2099-  y.

Bradburd, G. 2019. “conStruct: Models Spatially Continuous and 
Discrete Population Genetic Structure.” R Package Version 1.4. https:// 
cran. r-  proje ct. org/ web/ packa ges/ conSt ruct/ index. html.

Breiman, L. 2001. “Random Forests.” Machine Learning 45, no. 1: 5–32. 
https:// doi. org/ 10. 1023/A: 10109 33404324.

Brenke, N. 2005. “An Epibenthic Sledge for Operations on Marine Soft 
Bottom and Bedrock.” Marine Technology Society Journal 39, no. 2: 10–
21. https:// doi. org/ 10. 4031/ 00253 32057 87444015.

Breton, S., H. D. Beaupré, D. T. Stewart, W. R. Hoeh, and P. U. Blier. 2007. 
“The Unusual System of Doubly Uniparental Inheritance of mtDNA: 
Isn't One Enough?” Trends in Genetics 23, no. 9: 465–474. https:// doi. 
org/ 10. 1016/j. tig. 2007. 05. 011.

Breusing, C., A. Biastoch, A. Drews, et  al. 2016. “Biophysical and 
Population Genetic Models Predict the Presence of “Phantom” Stepping 

Stones Connecting Mid- Atlantic Ridge Vent Ecosystems.” Current 
Biology 26, no. 17: 2257–2267. https:// doi. org/ 10. 1016/j. cub. 2016. 06. 062.

Brix, S., F. Leese, T. Riehl, and T. C. Kihara. 2015. “A New Genus 
and New Species of Desmosomatidae Sars, 1897 (Isopoda) From the 
Eastern South Atlantic Abyss Described by Means of Integrative 
Taxonomy.” Marine Biodiversity 45: 7–61. https:// doi. org/ 10. 1007/ 
s1252 6-  014-  0218-  3.

Brix, S., T. Riehl, and F. Leese. 2011. “First Genetic Data for Species 
of the Genus Haploniscus Richardson, 1908 (Isopoda: Asellota: 
Haploniscidae) From Neighbouring Deep- Sea Basins in the South 
Atlantic.” Zootaxa 2838: 79–84.

Brix, S., and J. Taylor. 2021. “Short Cruise Report R/V SONNE, 
Cruise SO280 (GPF 20- 3_087) Emden -  Emden (Germany) 08.01.2021–
07.02.2021.” https:// www. ldf. uni-  hambu rg. de/ sonne/  woche nberi chte/ 
woche nberi chte-  sonne/  so279 -  282/ so280 -  scr. pdf.

Brix, S., J. Taylor, M. Le Saout, et  al. 2020. “Depth Transects and 
Connectivity Along Gradients in the North Atlantic and Nordic Seas in 
the Frame of the IceAGE Project (Icelandic Marine Animals: Genetics 
and Ecology).” Cruise No. SO276 (MerMet17-06). https:// www. tib. eu/ 
en/ suchen/ id/ awi: b5af4 9dab8 77cd7 40381 c5ab6 aa39a 7d79a 94ced .

Brökeland, W. 2010. “Redescription of Haploniscus rostratus (Menzies, 
1962) (Crustacea: Peracarida: Isopoda) With Observations on the 
Postmarsupial Development, Size Ranges and Distribution.” Zootaxa 
2521: 1–25. https:// doi. org/ 10. 11646/  zoota xa. 2521.1. 1.

Burns, P. 2020. “splus2R: Functions in S- PLUS 3.x or 4.x.” R Package 
Version 1.2- 2. https:// cran. r-  proje ct. org/ packa ge= splus2R.

Calow, P. 1983. “Energetics of Reproduction and Its Evolutionary 
Implications.” Biological Journal of the Linnean Society 20, no. 2: 153–
165. https:// doi. org/ 10. 1111/j. 1095-  8312. 1983. tb003 59. x.

Capt, C., K. Bouvet, D. Guerra, et  al. 2020. “Unorthodox Features 
in Two Venerid Bivalves With Doubly Uniparental Inheritance of 
Mitochondria.” Scientific Reports 10, no. 1087: 1–13. https:// doi. org/ 10. 
1038/ s4159 8-  020-  57975 -  y.

Chase, M. R., R. J. Etter, M. A. Rex, and J. M. Quattro. 1998. “Bathymetric 
Patterns of Genetic Variation in a Deep- Sea Protobranch Bivalve, 
Deminucula atacellana.” Marine Biology 131: 301–308. https:// doi. org/ 
10. 1007/ s0022 70050323.

Cho, W., and T. M. Shank. 2010. “Incongruent Patterns of Genetic 
Connectivity Among Four Ophiuroid Species With Differing Coral Host 
Specificity on North Atlantic Seamounts.” Marine Ecology 31: 121–143. 
https:// doi. org/ 10. 1111/j. 1439-  0485. 2010. 00395. x.

Chow, S., T. Yanagimoto, and H. Takeyama. 2021. “Detection of 
Heteroplasmy and Nuclear Mitochondrial Pseudogenes in the Japanese 
Spiny Lobster Panulirus japonicus.” Scientific Reports 11: 21780. https:// 
doi. org/ 10. 1038/ s4159 8-  021-  01346 -  8.

Clarke, A. H. 1961. “Abyssal Mollusks From the South Atlantic 
Ocean.” Bulletin of the Museum of Comparative Zoology 125, no. 12: 
345–347.

Clement, M., Q. Snell, P. Walke, D. Posada, and K. Crandall. 2002. 
“TCS: Estimating Gene Genealogies.” Proceedings of the International 
Parallel and Distributed Processing Symposium (IPDPS'02), 7. https:// 
doi. org/ 10. 1109/ IPDPS. 2002. 1016585.

Dambach, J., M. J. Raupach, F. Leese, J. Schwarzer, and J. O. Engler. 
2016. “Ocean Currents Determine Functional Connectivity in an 
Antarctic Deep- Sea Shrimp.” Marine Ecology 37: 1336–1344. https:// 
doi. org/ 10. 1111/ maec. 12343 .

Darriba, D., G. L. Taboada, R. Doallo, and D. Posada. 2012. “jModelT-
est2: More Models, New Heuristics and Parallel Computing.” Nature 
Methods 9, no. 8: 772.

Davey, J. L., and M. W. Blaxter. 2010. “RADseq: Next- Generation 
Population Genetics.” Briefings in Functional Genomics 9, no. 5: 416–
423. https:// doi. org/ 10. 1093/ bfgp/ elq031.

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.heliyon.2024.e34174
https://doi.org/10.1038/nrg.2015.28
https://doi.org/10.1029/2000GB001376
http://www.coml.org/pressreleases/census2010/PDF/Highlights-2010-Report-Low-Res.pdf
http://www.coml.org/pressreleases/census2010/PDF/Highlights-2010-Report-Low-Res.pdf
http://www.coml.org/pressreleases/census2010/PDF/Highlights-2010-Report-Low-Res.pdf
https://doi.org/10.1111/mec.13689
http://elib.suub.uni-bremen.de/diss/docs/00010984.pdf
http://elib.suub.uni-bremen.de/diss/docs/00010984.pdf
https://doi.org/10.1111/mec.13245
https://doi.org/10.1111/mec.13245
https://doi.org/10.1016/j.dsr2.2018.02.007
https://doi.org/10.1016/j.dsr2.2018.02.007
https://doi.org/10.3389/fmars.2021.657358
https://doi.org/10.1007/s00227-012-2099-y
https://cran.r-project.org/web/packages/conStruct/index.html
https://cran.r-project.org/web/packages/conStruct/index.html
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.4031/002533205787444015
https://doi.org/10.1016/j.tig.2007.05.011
https://doi.org/10.1016/j.tig.2007.05.011
https://doi.org/10.1016/j.cub.2016.06.062
https://doi.org/10.1007/s12526-014-0218-3
https://doi.org/10.1007/s12526-014-0218-3
https://www.ldf.uni-hamburg.de/sonne/wochenberichte/wochenberichte-sonne/so279-282/so280-scr.pdf
https://www.ldf.uni-hamburg.de/sonne/wochenberichte/wochenberichte-sonne/so279-282/so280-scr.pdf
https://www.tib.eu/en/suchen/id/awi:b5af49dab877cd740381c5ab6aa39a7d79a94ced
https://www.tib.eu/en/suchen/id/awi:b5af49dab877cd740381c5ab6aa39a7d79a94ced
https://doi.org/10.11646/zootaxa.2521.1.1
https://cran.r-project.org/package=splus2R
https://doi.org/10.1111/j.1095-8312.1983.tb00359.x
https://doi.org/10.1038/s41598-020-57975-y
https://doi.org/10.1038/s41598-020-57975-y
https://doi.org/10.1007/s002270050323
https://doi.org/10.1007/s002270050323
https://doi.org/10.1111/j.1439-0485.2010.00395.x
https://doi.org/10.1038/s41598-021-01346-8
https://doi.org/10.1038/s41598-021-01346-8
https://doi.org/10.1109/IPDPS.2002.1016585
https://doi.org/10.1109/IPDPS.2002.1016585
https://doi.org/10.1111/maec.12343
https://doi.org/10.1111/maec.12343
https://doi.org/10.1093/bfgp/elq031


16 of 21 Ecology and Evolution, 2025

de Wilt, M. 2024. “Ledella ultima.” The IUCN Red List of Threatened 
Species 2024: E.T211039125A211039130. https:// www. iucnr edlist. org/ 
speci es/ 21103 9125/ 21103 9130.

Devey, C. W. 2015. “RV SONNE Fahrtbericht/Cruise Report SO237 
Vema- TRANSIT: Bathymetry of the Vema- Fracture- Zone and Puerto 
Rico TRench and Abyssal AtlaNtic BiodiverSITy Study, Las Palmas 
(Spain) – Santo Domingo (Dom. Rep.) 14.12.14–26.01.15.” GEOMAR 
Report Nr. 23. https:// doi. org/ 10. 3289/ GEOMAR_ REP_ NS_ 23_ 2015.

Diaz- Recio Lorenzo, C., A. Tran Lu Y, O. Brunner, et al. 2024. “Highly 
Structured Populations of Copepods at Risk to Deep- Sea Mining: 
Integration of Genomic Data With Demogenetic and Biophysical 
Modelling.” Molecular Ecology 33, no. e17340: 1–21. https:// doi. org/ 10. 
1111/ mec. 17340 .

Dickson, R. R., and J. Brown. 1994. “The Production of North Atlantic 
Deep Water: Sources, Rates, and Pathways.” Journal of Geophysical 
Research 99, no. C6: 12319–12341. https:// doi. org/ 10. 1029/ 94JC0 0530.

Doucet- Beaupré, H., S. Breton, E. Chapman, et al. 2010. “Mitochondrial 
Phylogenomics of the Bivalvia (Mollusca): Searching for the Origin and 
Mitogenomic Correlates of Doubly Uniparental Inheritance of mtDNA.” 
BMC Evolutionary Biology 10, no. 50: 1–19. https:// doi. org/ 10. 1186/ 
1471-  2148-  10-  50.

Dunn, D. C., C. L. Dover, E. Van, et  al. 2018. “A Strategy for the 
Conservation of Biodiversity on Mid- Ocean Ridges From Deep- Sea 
Mining.” Science Advances 4, no. 7: 1–15. https:// doi. org/ 10. 1126/ sciadv. 
aar4313.

Ellingsen, K. E., A. Brandt, B. Ebbe, and K. Linse. 2007. “Diversity and 
Species Distribution of Polychaetes, Isopods and Bivalves in the Atlantic 
Sector of the Deep Southern Ocean.” Polar Biology 30: 1265–1273. 
https:// doi. org/ 10. 1007/ s0030 0-  007-  0287-  x.

Etter, R. J., and A. S. Bower. 2015. “Dispersal and Population 
Connectivity in the Deep North Atlantic Estimated From Physical 
Transport Processes.” Deep- Sea Research Part I: Oceanographic 
Research Papers 104: 159–172. https:// doi. org/ 10. 1016/j. dsr. 2015. 06. 009.

Etter, R. J., E. E. Boyle, A. Glazier, R. M. Jennings, E. Dutra, and M. R. 
Chase. 2011. “Phylogeography of a Pan- Atlantic Abyssal Protobranch 
Bivalve: Implications for Evolution in the Deep Atlantic.” Molecular 
Ecology 20: 829–843. https:// doi. org/ 10. 1111/j. 1365-  294X. 2010. 04978. x.

Etter, R. J., and M. Rex. 2021. “Counts of Protobranch Bivalves Collected 
in a Series of Epibenthic Sled Samples Taken on R/V Endeavor Cruise 
EN447 in the Western North Atlantic (34- 39N, 68- 70W) in 2008 (ENAB 
Project).” Biological and Chemical Oceanography Data Management 
Office (BCO-DMO). https:// doi. org/ 10. 26008/  1912/ bco-  dmo. 542513. 1.

Etter, R. J., and M. A. Rex. 1990. “Population Differentiation Decreases 
With Depth in Deep- Sea Gastropods.” Deep- Sea Research 37, no. 8: 
1251–1261. https:// doi. org/ 10. 1016/ 0198-  0149(90) 90041 -  S.

Etter, R. J., M. A. Rex, M. C. Chase, and J. M. Quattro. 1999. “A Genetic 
Dimension to Deep- Sea Biodiversity.” Deep Sea Research Part I: 
Oceanographic Research Papers 46, no. 6: 1095–1099. https:// doi. org/ 10. 
1016/ S0967 -  0637(98) 00100 -  9.

Etter, R. J., M. A. Rex, M. R. Chase, and J. M. Quattro. 2005. “Population 
Differentiation Decreases With Depth in Deep- Sea Bivalves.” Evolution 
59, no. 7: 1479–1491. https:// doi. org/ 10. 1111/j. 0014-  3820. 2005. tb017 97. x.

Fahrbach, E. 2006. “ANT XXII/3 2 January 2005–6 April 2005 Cape 
Town – Punta Arenas FS POLARSTERN.” https:// epic. awi. de/ id/ 
eprint/ 26708/ 1/ BerPo larfo rsch2 006533. pdf.

Felsenstein, J. 1985. “Confidence Limits on Phylogenies: An Approach 
Using the Bootstrap.” Evolution 39, no. 4: 783–791. https:// doi. org/ 10. 
2307/ 2408678.

Ferreira, M. L. d. C., and R. Kerr. 2017. “Source Water Distribution and 
Quantification of North Atlantic Deep Water and Antarctic Bottom 
Water in the Atlantic Ocean.” Progress in Oceanography 153: 66–83. 
https:// doi. org/ 10. 1016/j. pocean. 2017. 04. 003.

Fiege, D., P. A. Ramey, and B. Ebbe. 2010. “Diversity and Distributional 
Patterns of Polychaeta in the Deep South Atlantic.” Deep Sea Research 
Part I: Oceanographic Research Papers 57, no. 10: 1329–1344. https:// doi. 
org/ 10. 1016/j. dsr. 2010. 06. 012.

Filatova, Z. A., and A. A. Schileyko. 1984. “Size, Structure and 
Distribution of the Deep- Sea Bivalvia of the Family Ledellidae 
(Protobranchia).” Tsitologiya, Leningrad 119: 106–144.

Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek. 1994. “DNA 
Primers for Amplification of Mitochondrial Cytochrome c Oxidase 
Subunit I From Diverse Metazoan Invertebrates.” Molecular Marine 
Biology and Biotechnology 3, no. 5: 294–299. https:// doi. org/ 10. 1071/ 
ZO966 0275.

Frichot, E., and O. François. 2015. “LEA: An R Package for Landscape 
and Ecological Association Studies.” Methods in Ecology and Evolution 
6: 925–929. https:// doi. org/ 10. 1111/ 2041-  210X. 12382 .

Gage, J. D., and P. A. Tyler. 1991. Deep- Sea Biology: A Natural History of 
Organisms at the Deep- Sea Floor. Cambridge University Press.

Galaska, M. P., C. J. Sands, S. R. Santos, A. R. Mahon, and K. M. 
Halanych. 2017. “Geographic Structure in the Southern Ocean 
Circumpolar Brittle Star Ophionotus victoriae (Ophiuridae) Revealed 
From mtDNA and Single- Nucleotide Polymorphism Data.” Ecology and 
Evolution 7: 475–485. https:// doi. org/ 10. 1002/ ece3. 2617.

Gardner, W. D., B. E. Tucholke, M. J. Richardson, and P. E. Biscaye. 
2017. “Benthic Storms, Nepheloid Layers, and Linkage With Upper 
Ocean Dynamics in the Western North Atlantic.” Marine Geology 385: 
304–327. https:// doi. org/ 10. 1016/j. margeo. 2016. 12. 012.

Garrido- Ramos, M. A., D. T. Stewart, B. W. Sutherland, and E. Zouros. 
1998. “The Distribution of Male- Transmitted and Female- Transmitted 
Mitochondrial DNA Types in Somatic Tissues of Blue Mussels: 
Implications for the Operation of Doubly Uniparental Inheritance of 
Mitochondrial DNA.” Genome 41: 818–824. https:// doi. org/ 10. 1139/ 
gen-  41-  6-  818.

Gary, S. F., A. D. Fox, A. Biastoch, J. M. Roberts, and S. A. Cunningham. 
2020. “Larval Behaviour, Dispersal and Population Connectivity in the 
Deep Sea.” Scientific Reports 10: 10675. https:// doi. org/ 10. 1038/ s4159 8-  
020-  67503 -  7.

Garzoli, S. L., and R. Matano. 2011. “The South Atlantic and the 
Atlantic Meridional Overturning Circulation.” Deep- Sea Research Part 
II: Topical Studies in Oceanography 58: 1837–1847. https:// doi. org/ 10. 
1016/j. dsr2. 2010. 10. 063.

German, C. R., E. Ramirez- Llodra, M. C. Baker, et al. 2011. “Deep- Water 
Chemosynthetic Ecosystem Research During the Census of Marine Life 
Decade and Beyond: A Proposed Deep- Ocean Road Map.” PLoS One 6, 
no. 8: 1–16. https:// doi. org/ 10. 1371/ journ al. pone. 0023259.

Gheerardyn, H., and G. Veit- Köhler. 2009. “Diversity and Large- Scale 
Biogeography of Paramesochridae (Copepoda, Harpacticoida) in South 
Atlantic Abyssal Plains and the Deep Southern Ocean.” Deep- Sea 
Research Part I: Oceanographic Research Papers 56: 1804–1815. https:// 
doi. org/ 10. 1016/j. dsr. 2009. 05. 002.

Ghiselli, F., A. Gomes- dos- Santos, C. M. Adema, M. Lopes- lima, J. 
Sharbrough, and J. L. Boore. 2021. “Molluscan Mitochondrial Genomes 
Break the Rules.” Philosophical Transactions of the Royal Society, 
B: Biological Sciences 376: 20200159. https:// doi. org/ 10. 1098/ rstb. 
2020. 0159.

Gibb, S. 2022. “MALDIquantForeign: Import/Export Routines for 
“MALDIquant”.” R Package Version 0.12. https:// cran. r-  proje ct. org/ 
packa ge= MALDI quant Foreign.

Gibb, S., and K. Strimmer. 2012. “MALDIquant: A Versatile R Package 
for the Analysis of Mass Spectrometry Data.” Bioinformatics 28, no. 17: 
2270–2271. https:// doi. org/ 10. 1093/ bioin forma tics/ bts447.

Guerra, D., F. Plazzi, D. T. Stewart, A. E. Bogan, W. R. Hoeh, and S. 
Breton. 2017. “Evolution of Sex- Dependent mtDNA Transmission in 

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.iucnredlist.org/species/211039125/211039130
https://www.iucnredlist.org/species/211039125/211039130
https://doi.org/10.3289/GEOMAR_REP_NS_23_2015
https://doi.org/10.1111/mec.17340
https://doi.org/10.1111/mec.17340
https://doi.org/10.1029/94JC00530
https://doi.org/10.1186/1471-2148-10-50
https://doi.org/10.1186/1471-2148-10-50
https://doi.org/10.1126/sciadv.aar4313
https://doi.org/10.1126/sciadv.aar4313
https://doi.org/10.1007/s00300-007-0287-x
https://doi.org/10.1016/j.dsr.2015.06.009
https://doi.org/10.1111/j.1365-294X.2010.04978.x
https://doi.org/10.26008/1912/bco-dmo.542513.1
https://doi.org/10.1016/0198-0149(90)90041-S
https://doi.org/10.1016/S0967-0637(98)00100-9
https://doi.org/10.1016/S0967-0637(98)00100-9
https://doi.org/10.1111/j.0014-3820.2005.tb01797.x
https://epic.awi.de/id/eprint/26708/1/BerPolarforsch2006533.pdf
https://epic.awi.de/id/eprint/26708/1/BerPolarforsch2006533.pdf
https://doi.org/10.2307/2408678
https://doi.org/10.2307/2408678
https://doi.org/10.1016/j.pocean.2017.04.003
https://doi.org/10.1016/j.dsr.2010.06.012
https://doi.org/10.1016/j.dsr.2010.06.012
https://doi.org/10.1071/ZO9660275
https://doi.org/10.1071/ZO9660275
https://doi.org/10.1111/2041-210X.12382
https://doi.org/10.1002/ece3.2617
https://doi.org/10.1016/j.margeo.2016.12.012
https://doi.org/10.1139/gen-41-6-818
https://doi.org/10.1139/gen-41-6-818
https://doi.org/10.1038/s41598-020-67503-7
https://doi.org/10.1038/s41598-020-67503-7
https://doi.org/10.1016/j.dsr2.2010.10.063
https://doi.org/10.1016/j.dsr2.2010.10.063
https://doi.org/10.1371/journal.pone.0023259
https://doi.org/10.1016/j.dsr.2009.05.002
https://doi.org/10.1016/j.dsr.2009.05.002
https://doi.org/10.1098/rstb.2020.0159
https://doi.org/10.1098/rstb.2020.0159
https://cran.r-project.org/package=MALDIquantForeign
https://cran.r-project.org/package=MALDIquantForeign
https://doi.org/10.1093/bioinformatics/bts447


17 of 21

Freshwater Mussels (Bivalvia: Unionida).” Scientific Reports 7, no. 1551: 
1–13. https:// doi. org/ 10. 1038/ s4159 8-  017-  01708 -  1.

Guindon, S., and O. Gascuel. 2003. “A Simple, Fast and Accurate Method 
to Estimate Large Phylogenies by Maximum- Likelihood.” Systematic 
Biology 52: 696–704.

Gusman, A., S. Lecomte, D. T. Stewart, M. Passamonti, and S. Breton. 
2016. “Pursuing the Quest for Better Understanding the Taxonomic 
Distribution of the System of Doubly Uniparental Inheritance of 
mtDNA.” PeerJ 4: e2760. https:// doi. org/ 10. 7717/ peerj. 2760.

Halada, P., K. Hlavackova, V. Dvorak, and P. Volf. 2018. “Identification 
of Immature Stages of Phlebotomine Sand Flies Using MALDI- TOF 
MS and Mapping of Mass Spectra During Sand Fly Life Cycle.” Insect 
Biochemistry and Molecular Biology 93: 47–56. https:// doi. org/ 10. 1016/j. 
ibmb. 2017. 12. 005.

Harris, P. T. 2014. “Shelf and Deep- Sea Sedimentary Environments and 
Physical Benthic Disturbance Regimes: A Review and Synthesis.” Marine 
Geology 353: 169–184. https:// doi. org/ 10. 1016/j. margeo. 2014. 03. 023.

Hein, J. R., K. Mizell, A. Koschinsky, and T. A. Conrad. 2013. “Deep- 
Ocean Mineral Deposits as a Source of Critical Metals for High-  and 
Green- Technology Applications: Comparison With Land- Based 
Resources.” Ore Geology Reviews 51: 1–14. https:// doi. org/ 10. 1016/j. 
orege orev. 2012. 12. 001.

Hilário, A., A. Metaxas, S. M. Gaudron, et  al. 2015. “Estimating 
Dispersal Distance in the Deep Sea: Challenges and Applications to 
Marine Reserves.” Frontiers in Marine Science 2, no. 6: 1–14. https:// doi. 
org/ 10. 3389/ fmars. 2015. 00006 .

Hoeh, W. R., D. T. Stewart, and S. I. Guttman. 2002. “High Fidelity of 
Mitochondrial Genome Transmission Under the Doubly Uniparental 
Mode of Inheritance in Freshwater Mussels (Bivalvia: Unionoidea).” 
Evolution 56, no. 11: 2252–2261. https:// doi. org/ 10. 1111/j. 0014-  3820. 
2002. tb001 49. x.

Hoeh, W. R., D. T. Stewart, C. Saavedra, B. W. Sutherland, and E. Zouros. 
1997. “Phylogenetic Evidence for Role- Reversals of Gender- Associated 
Mitochondrial DNA in Mytilus (Bivalvia: Mytilidae).” Molecular Biology 
and Evolution 14, no. 9: 959–967.

Hollister, C. D., and I. N. McCave. 1984. “Sedimentation Under Deep- 
Sea Storms.” Nature 309, no. 5965: 220–225. https:// doi. org/ 10. 1038/ 
309220a0.

Howell, K. L., D. S. M. Billett, and P. A. Tyler. 2002. “Depth- Related 
Distribution and Abundance of Seastars (Echinodermata: Asteroidea) 
in the Porcupine Seabight and Porcupine Abyssal Plain, N.E. Atlantic.” 
Deep- Sea Research, Part I: Oceanographic Research Papers 49, no. 10: 
1901–1920. https:// doi. org/ 10. 1016/ S0967 -  0637(02) 00090 -  0.

Huelsenbeck, J. P., F. Ronquist, R. Nielsen, and J. P. Bollback. 2001. 
“Bayesian Inference of Phylogeny and Its Impact on Evolutionary 
Biology.” Science 294, no. 5550: 2310–2314. https:// doi. org/ 10. 1126/ scien 
ce. 1065889.

Hurst, G. D. D., and F. M. Jiggins. 2005. “Problems With Mitochondrial 
DNA as a Marker in Population, Phylogeographic and Phylogenetic 
Studies: The Effects of Inherited Symbionts.” Proceedings of the Royal 
Society B: Biological Sciences 272: 1525–1534. https:// doi. org/ 10. 1098/ 
rspb. 2005. 3056.

Jablonski, D., and R. A. Lutz. 1983. “Larval Ecology of Marine Benthic 
Invertebrates: Paleobiological Implications.” Biological Reviews 58: 21–
89. https:// doi. org/ 10. 1111/j. 1469-  185X. 1983. tb003 80. x.

Janssen, R., and E. M. Krylova. 2014. “Deep- Sea Fauna of European Seas: 
An Annotated Species Check- List of Benthic Invertebrates Living Deeper 
Than 2000 m in the Seas Bordering Europe. Bivalvia.” Invertebrate 
Zoology 11, no. 1: 43–82. https:// doi. org/ 10. 15298/  inver tzool. 11.1. 06.

Jennings, R., R. Etter, and L. Ficarra. 2013. “Population Differentiation 
and Species Formation in the Deep Sea: The Potential Role of 
Environmental Gradients and Depth.” PLoS One 8, no. 10: 1–19. https:// 
doi. org/ 10. 1371/ journ al. pone. 0077594.

Jollivet, D., E. Portanier, A. Tran Lu Y, M. Matabos, F. Pradillon, and S. 
Arnaud- Haond. 2024. “iAtlantic Deliverable 1.5: Preferential Pathways 
of Dispersal and Role of the AMOC in Connectivity.” https:// www. iatla 
ntic. eu/ wp-  conte nt/ uploa ds/ 2024/ 08/ iAtla ntic_ D1.5. pdf.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis 
of Genetic Markers.” Bioinformatics 24, no. 11: 1403–1405. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btn129.

Jombart, T., and I. Ahmed. 2011. “Adegenet 1.3- 1: New Tools for the 
Analysis of Genome- Wide SNP Data.” Bioinformatics 27, no. 21: 3070–
3071. https:// doi. org/ 10. 1093/ bioin forma tics/ btr521.

Kaiser, P., M. Bode, A. Cornils, et  al. 2018. “High- Resolution 
Community Analysis of Deep- Sea Copepods Using MALDI- TOF 
Protein Fingerprinting.” Deep- Sea Research, Part I: Oceanographic 
Research Papers 138: 122–130. https:// doi. org/ 10. 1016/j. dsr. 2018. 06. 005.

Karger, A., B. Bettin, J. M. Gethmann, and C. Klaus. 2019. “Whole 
Animal Matrix- Assisted Laser Desorption/Ionization Time- Of- Flight 
(MALDI- TOF) Mass Spectrometry of Ticks – Are Spectra of Ixodes 
ricinus Nymphs Influenced by Environmental, Spatial, and Temporal 
Factors?” PLoS One 14, no. 1: 1–10. https:// doi. org/ 10. 1371/ journ al. 
pone. 0210590.

Katoh, K., and D. M. Standley. 2013. “MAFFT Multiple Sequence 
Alignment Software Version 7: Improvements in Performance and 
Usability.” Molecular Biology and Evolution 30, no. 4: 772–780. https:// 
doi. org/ 10. 1093/ molbev/ mst010.

Kearse, M., R. Moir, A. Wilson, et  al. 2012. “Geneious Basic: An 
Integrated and Extendable Desktop Software Platform for the 
Organization and Analysis of Sequence Data.” Bioinformatics 28, no. 
12: 1647–1649. https:// doi. org/ 10. 1093/ bioin forma tics/ bts199.

Kimura, M. 1980. “A Simple Method for Estimating Evolutionary Rates 
of Base Substitutions Through Comparative Studies of Nucleotide 
Sequences.” Journal of Molecular Evolution 16: 111–120. https:// doi. org/ 
10. 1007/ BF017 31581 .

Kitada, S., R. Nakamichi, and H. Kishino. 2021. “Understanding 
Population Structure in an Evolutionary Context: Population- Specific 
FST and Pairwise FST.” G3: Genes, Genomes, Genetics 11, no. 11: 1–14. 
https:// doi. org/ 10. 1093/ g3jou rnal/ jkab316.

Knaus, B. J., and N. J. Grünwald. 2017. “vcfr: A Package to Manipulate 
and Visualize Variant Call Format Data in R.” Molecular Ecology 
Resources 17: 44–53. https:// doi. org/ 10. 1111/ 1755-  0998. 12549 .

Knudsen, J. 1970. “The Systematics and Biology of Abyssal and Hadal 
Bivalvia.” In Galathea Report Volume 11 Scientific Reports of the Danish 
Deep- Sea Expedition Round the World 1950–52, edited by T. Wolff, 1–
241. Danish Science Press.

Kolde, R. 2019. “pheatmap: Pretty Heatmaps (R Package Version 1.0.12).” 
https:// cran. r-  proje ct. org/ web/ packa ges/ pheat map/ index. html.

Kuhlbrodt, T., A. Griesel, M. Montoya, A. Levermann, M. Hofmann, 
and S. Rahmstorf. 2007. “On the Driving Processes of the Atlantic 
Meridional Overturning Circulation.” Reviews of Geophysics 45: 
RG2001. https:// doi. org/ 10. 1029/ 2004R G000166.

Kumar, S., G. Stecher, M. Li, C. Knyaz, and K. Tamura. 2018. “MEGA 
X: Molecular Evolutionary Genetics Analysis Across Computing 
Platforms.” Molecular Biology and Evolution 35, no. 6: 1547–1549. 
https:// doi. org/ 10. 1093/ molbev/ msy096.

Kürzel, K., S. Brix, A. Brandt, et al. 2023. “Pan- Atlantic Comparison of 
Deep- Sea Macro-  and Megabenthos.” Diversity 15, no. 814: 1–28. https:// 
doi. org/ 10. 3390/ d1507 0814.

Lampitt, R. S., N. Briggs, B. B. Cael, et al. 2023. “Deep Ocean Particle Flux 
in the Northeast Atlantic Over the Past 30 Years: Carbon Sequestration 
Is Controlled by Ecosystem Structure in the Upper Ocean.” Frontiers in 
Earth Science 11: 1176196. https:// doi. org/ 10. 3389/ feart. 2023. 1176196.

Lecroq, B., A. J. Gooday, and J. Pawlowski. 2009. “Global Genetic 
Homogeneity in the Deep- Sea Foraminiferan Epistominella exigua 

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41598-017-01708-1
https://doi.org/10.7717/peerj.2760
https://doi.org/10.1016/j.ibmb.2017.12.005
https://doi.org/10.1016/j.ibmb.2017.12.005
https://doi.org/10.1016/j.margeo.2014.03.023
https://doi.org/10.1016/j.oregeorev.2012.12.001
https://doi.org/10.1016/j.oregeorev.2012.12.001
https://doi.org/10.3389/fmars.2015.00006
https://doi.org/10.3389/fmars.2015.00006
https://doi.org/10.1111/j.0014-3820.2002.tb00149.x
https://doi.org/10.1111/j.0014-3820.2002.tb00149.x
https://doi.org/10.1038/309220a0
https://doi.org/10.1038/309220a0
https://doi.org/10.1016/S0967-0637(02)00090-0
https://doi.org/10.1126/science.1065889
https://doi.org/10.1126/science.1065889
https://doi.org/10.1098/rspb.2005.3056
https://doi.org/10.1098/rspb.2005.3056
https://doi.org/10.1111/j.1469-185X.1983.tb00380.x
https://doi.org/10.15298/invertzool.11.1.06
https://doi.org/10.1371/journal.pone.0077594
https://doi.org/10.1371/journal.pone.0077594
https://www.iatlantic.eu/wp-content/uploads/2024/08/iAtlantic_D1.5.pdf
https://www.iatlantic.eu/wp-content/uploads/2024/08/iAtlantic_D1.5.pdf
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1016/j.dsr.2018.06.005
https://doi.org/10.1371/journal.pone.0210590
https://doi.org/10.1371/journal.pone.0210590
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/g3journal/jkab316
https://doi.org/10.1111/1755-0998.12549
https://cran.r-project.org/web/packages/pheatmap/index.html
https://doi.org/10.1029/2004RG000166
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3390/d15070814
https://doi.org/10.3390/d15070814
https://doi.org/10.3389/feart.2023.1176196


18 of 21 Ecology and Evolution, 2025

(Rotaliida: Pseudoparrellidae).” Zootaxa 2096: 23–32. https:// doi. org/ 
10. 11646/  zoota xa. 2096.1. 4.

Legendre, P., and E. D. Gallagher. 2001. “Ecologically Meaningful 
Transformations for Ordination of Species Data.” Oecologia 129, no. 2: 
271–280. https:// doi. org/ 10. 1007/ s0044 20100716.

Leigh, J. W., and D. Bryant. 2015. “POPART: Full- Feature Software for 
Haplotype Network Construction.” Methods in Ecology and Evolution 6: 
1110–1116. https:// doi. org/ 10. 1111/ 2041-  210X. 12410 .

Levin, L. A. 2006. “Recent Progress in Understanding Larval Dispersal: 
New Directions and Digressions.” Integrative and Comparative Biology 
46, no. 3: 282–297. https:// doi. org/ 10. 1093/ icb/ icj024.

Liaw, A., and M. Wiener. 2002. “Classification and Regression by ran-
domForest.” R News 2, no. 3: 18–22.

Liu, M., and T. Tanhua. 2021. “Water Masses in the Atlantic Ocean: 
Characteristics and Distributions.” Ocean Science 17: 463–486. https:// 
doi. org/ 10. 5194/ os-  17-  463-  2021.

Lutz, M. J., K. Caldeira, R. B. Dunbar, and M. J. Behrenfeld. 2007. 
“Seasonal Rhythms of Net Primary Production and Particulate Organic 
Carbon Flux to Depth Describe the Efficiency of Biological Pump in the 
Global Ocean.” Journal of Geophysical Research 112, no. C10011: 1–26. 
https:// doi. org/ 10. 1029/ 2006J C003706.

Machordom, A., R. Araujo, C. Toledo, E. Zouros, and E. D. Ladoukakis. 
2015. “Female- Dependent Transmission of Paternal mtDNA Is a Shared 
Feature of Bivalve Species With Doubly Uniparental Inheritance 
(DUI) of Mitochondrial DNA.” Journal of Zoological Systematics and 
Evolutionary Research 53, no. 3: 200–204. https:// doi. org/ 10. 1111/ jzs. 
12096 .

Marko, P. B., and M. W. Hart. 2012. “Retrospective Coalescent 
Methods and the Reconstruction of Metapopulation Histories in the 
Sea.” Evolutionary Ecology 26: 291–315. https:// doi. org/ 10. 1007/ s1068 
2-  011-  9467-  9.

Martínez Arbizu, P., S. Brix, S. Kaiser, et  al. 2009. “Deep- Sea 
Biodiversity, Current Activity, and Seamounts in the Atlantic – Cruise 
No. M79/1 – June 10 – August 26, 2009 – Montevideo (Uruguay) – Ponta 
Delgada (Portugal).” METEOR-Berichte, M79/1. https:// doi. org/ 10. 
2312/ cr_ m79_ 1.

Martínez, M., L. Harms, D. Abele, and C. Held. 2023. “Mitochondrial 
Heteroplasmy and PCR Amplification Bias Lead to Wrong Species 
Delimitation With High Confidence in the South American and 
Antarctic Marine Bivalve Aequiyoldia eightsii Species Complex.” Genes 
14, no. 935: 1–15. https:// doi. org/ 10. 3390/ genes 14040935.

McClain, C. R., and S. M. Hardy. 2010. “The Dynamics of Biogeographic 
Ranges in the Deep Sea.” Proceedings of the Royal Society B: Biological 
Sciences 277: 3533–3546. https:// doi. org/ 10. 1098/ rspb. 2010. 1057.

Meißner, K., M. Schwentner, M. Gotting, T. Knebelsberger, and D. 
Fiege. 2023. “Polychaetes Distributed Across Oceans – Examples of 
Widely Recorded Species From Abyssal Depths of the Atlantic and 
Pacific Oceans.” Zoological Journal of the Linnean Society 199: 906–944. 
https:// doi. org/ 10. 1093/ zooli nnean/  zlad069.

Menzel, L., K. H. George, and P. Martínez Arbizu. 2011. “Submarine 
Ridges Do Not Prevent Large- Scale Dispersal of Abyssal Fauna: A Case 
Study of Mesocletodes (Crustacea, Copepoda, Harpacticoida).” Deep- Sea 
Research, Part I: Oceanographic Research Papers 58: 839–864. https:// 
doi. org/ 10. 1016/j. dsr. 2011. 05. 008.

Mercier, A., M. A. Sewell, and J. F. Hamel. 2013. “Pelagic Propagule 
Duration and Developmental Mode: Reassessment of a Fading Link.” 
Global Ecology and Biogeography 22: 517–530. https:// doi. org/ 10. 1111/ 
geb. 12018 .

Miller, K., A. Williams, A. A. Rowden, C. Knowles, and G. Dunshea. 
2010. “Conflicting Estimates of Connectivity Among Deep- Sea Coral 
Populations.” Marine Ecology 31, no. Suppl. 1: 144–157. https:// doi. org/ 
10. 1111/j. 1439-  0485. 2010. 00380. x.

Miller, K. J., and R. M. Gunasekera. 2017. “A Comparison of Genetic 
Connectivity in Two Deep Sea Corals to Examine Whether Seamounts 
Are Isolated Islands or Stepping Stones for Dispersal.” Scientific Reports 
7: 46103. https:// doi. org/ 10. 1038/ srep4 6103.

Montgomery, E. M., J. F. Hamel, and A. Mercier. 2019. “Larval Nutritional 
Mode and Swimming Behaviour in Ciliated Marine Larvae.” Journal of 
the Marine Biological Association of the United Kingdom 99: 1027–1032. 
https:// doi. org/ 10. 1017/ S0025 31541 8001091.

Morozov, E. G., A. N. Demidov, R. Y. Tarakanov, and W. Zenk. 
2010. Abyssal Channels in the Atlantic Ocean: Water Structure and 
Flows, edited by G. Weatherly. Springer. https:// doi. org/ 10. 1007/ 
978-  90-  481-  9358-  5.

Morozov, E. G., D. I. Frey, O. A. Zuev, et al. 2023. “Antarctic Bottom 
Water in the Vema Fracture Zone.” Journal of Geophysical Research- 
Oceans 128: e2023JC019967. https:// doi. org/ 10. 1029/ 2023J C019967.

Nakamichi, R., S. Kitada, and H. Kishino. 2020. “FinePop2: Fine- Scale 
Population Analysis (Rewrite for Gene- Trait- Environment Interaction 
Analysis).” R Package Version 0.4. https:// doi. org/ 10. 32614/  CRAN. 
packa ge. FinePop2.

Neal, L., S. Taboada, and L. C. Woodall. 2018. “Slope- Shelf Faunal Link 
and Unreported Diversity Off Nova Scotia: Evidence From Polychaete 
Data.” Deep- Sea Research Part I: Oceanographic Research Papers 138: 
72–84. https:// doi. org/ 10. 1016/j. dsr. 2018. 07. 003.

Nei, M. 1972. “Genetic Distance Between Populations.” American 
Naturalist 106, no. 949: 283–292.

Nei, M., and R. K. Chesser. 1983. “Estimation of Fixation Indices and 
Gene Diversity.” Annals of Human Genetics 47: 253–259. https:// doi. org/ 
10. 1111/j. 1469-  1809. 1983. tb009 93. x.

Neuwirth, E. 2022. “RColorBrewer: ColorBrewer Palettes.” R Package 
Version 1.1- 3. https:// cran. r-  proje ct. org/ packa ge= RColo rBrewer.

Obata, M., C. Kamiya, K. Kawamura, and A. Komaru. 2006. “Sperm 
Mitochondrial DNA Transmission to Both Male and Female Offspring 
in the Blue Mussel Mytilus galloprovincialis.” Development, Growth & 
Differentiation 48: 253–261. https:// doi. org/ 10. 1111/j. 1440-  169X. 2006. 
00863. x.

O'Connor, M. I., J. F. Bruno, S. D. Gaines, et  al. 2007. “Temperature 
Control of Larval Dispersal and the Implications for Marine Ecology, 
Evolution, and Conservation.” Proceedings of the National Academy of 
Sciences of the United States of America 104, no. 4: 1266–1271. https:// 
doi. org/ 10. 1073/ pnas. 06034 22104 .

Oksanen, J., F. G. Blanchet, M. Friendly, et al. 2019. “vegan: Community 
Ecology Package.” R Package Version 2.5- 6. https:// cran. r-  proje ct. org/ 
packa ge= vegan .

Pante, E., J. Abdelkrim, A. Viricel, et al. 2015. “Use of RAD Sequencing 
for Delimiting Species.” Heredity 114: 450–459. https:// doi. org/ 10. 1038/ 
hdy. 2014. 105.

Passamonti, M., and F. Ghiselli. 2009. “Doubly Uniparental Inheritance: 
Two Mitochondrial Genomes, One Precious Model for Organelle DNA 
Inheritance and Evolution.” DNA and Cell Biology 28, no. 2: 79–89. 
https:// doi. org/ 10. 1089/ dna. 2008. 0807.

Passamonti, M., and V. Scali. 2001. “Gender- Associated Mitochondrial 
DNA Heteroplasmy in the Venerid Clam Tapes philippinarum (Mollusca 
Bivalvia).” Current Genetics 39: 117–124. https:// doi. org/ 10. 1007/ s0029 
40100188.

Paulus, E., S. Brix, A. Siebert, et  al. 2022. “Recent Speciation and 
Hybridization in Icelandic Deep- Sea Isopods: An Integrative Approach 
Using Genomics and Proteomics.” Molecular Ecology 31: 313–330. 
https:// doi. org/ 10. 1111/ mec. 16234 .

Pembleton, L. W., N. O. I. Cogan, and J. W. Forster. 2013. “StAMPP: 
An R Package for Calculation of Genetic Differentiation and Structure 
of Mixed- Ploidy Level Populations.” Molecular Ecology Resources 13: 
946–952. https:// doi. org/ 10. 1111/ 1755-  0998. 12129 .

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.11646/zootaxa.2096.1.4
https://doi.org/10.11646/zootaxa.2096.1.4
https://doi.org/10.1007/s004420100716
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1093/icb/icj024
https://doi.org/10.5194/os-17-463-2021
https://doi.org/10.5194/os-17-463-2021
https://doi.org/10.1029/2006JC003706
https://doi.org/10.1111/jzs.12096
https://doi.org/10.1111/jzs.12096
https://doi.org/10.1007/s10682-011-9467-9
https://doi.org/10.1007/s10682-011-9467-9
https://doi.org/10.2312/cr_m79_1
https://doi.org/10.2312/cr_m79_1
https://doi.org/10.3390/genes14040935
https://doi.org/10.1098/rspb.2010.1057
https://doi.org/10.1093/zoolinnean/zlad069
https://doi.org/10.1016/j.dsr.2011.05.008
https://doi.org/10.1016/j.dsr.2011.05.008
https://doi.org/10.1111/geb.12018
https://doi.org/10.1111/geb.12018
https://doi.org/10.1111/j.1439-0485.2010.00380.x
https://doi.org/10.1111/j.1439-0485.2010.00380.x
https://doi.org/10.1038/srep46103
https://doi.org/10.1017/S0025315418001091
https://doi.org/10.1007/978-90-481-9358-5
https://doi.org/10.1007/978-90-481-9358-5
https://doi.org/10.1029/2023JC019967
https://doi.org/10.32614/CRAN.package.FinePop2
https://doi.org/10.32614/CRAN.package.FinePop2
https://doi.org/10.1016/j.dsr.2018.07.003
https://doi.org/10.1111/j.1469-1809.1983.tb00993.x
https://doi.org/10.1111/j.1469-1809.1983.tb00993.x
https://cran.r-project.org/package=RColorBrewer
https://doi.org/10.1111/j.1440-169X.2006.00863.x
https://doi.org/10.1111/j.1440-169X.2006.00863.x
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1073/pnas.0603422104
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1038/hdy.2014.105
https://doi.org/10.1038/hdy.2014.105
https://doi.org/10.1089/dna.2008.0807
https://doi.org/10.1007/s002940100188
https://doi.org/10.1007/s002940100188
https://doi.org/10.1111/mec.16234
https://doi.org/10.1111/1755-0998.12129


19 of 21

Perez, J. A. A., L. Gavazzoni, L. H. P. de Souza, P. Y. G. Sumida, and H. 
Kitazato. 2020. “Deep- Sea Habitats and Megafauna on the Slopes of the 
São Paulo Ridge, SW Atlantic.” Frontiers in Marine Science 7: 572166. 
https:// doi. org/ 10. 3389/ fmars. 2020. 572166.

Pérez, V., E. Fernandez, E. Marañon, P. Serret, and C. Garcia- Soto. 2005. 
“Seasonal and Interannual Variability of Chlorophyll a and Primary 
Production in the Equatorial Atlantic: In  Situ and Remote Sensing 
Observations.” Journal of Plankton Research 27, no. 2: 189–197. https:// 
doi. org/ 10. 1093/ plankt/ fbh159.

Peters, J., S. Laakmann, S. Rossel, P. Martínez Arbizu, and J. Renz. 
2023. “Perspectives of Species Identification by MALDI- TOF MS in 
Monitoring—Stability of Proteomic Fingerprints in Marine Epipelagic 
Copepods.” Molecular Ecology Resources 23, no. 5: 1077–1091. https:// 
doi. org/ 10. 1111/ 1755-  0998. 13779 .

Plummer, M., N. Best, K. Cowles, and K. Vines. 2006. “CODA: 
Convergence Diagnosis and Output Analysis for MCMC.” R News 6, no. 
1: 7–11.

Portanier, E., A. Nicolle, W. Rath, et al. 2023. “Coupling Large- Spatial 
Scale Larval Dispersal Modelling With Barcoding to Refine the Amphi- 
Atlantic Connectivity Hypothesis in Deep- Sea Seep Mussels.” Frontiers 
in Marine Science 10: 1122124. https:// doi. org/ 10. 3389/ fmars. 2023. 
1122124.

Puerta, P., C. Johnson, M. Carreiro- Silva, et  al. 2020. “Influence of 
Water Masses on the Biodiversity and Biogeography of Deep- Sea 
Benthic Ecosystems in the North Atlantic.” Frontiers in Marine Science 
7, no. 239: 1–25. https:// doi. org/ 10. 3389/ fmars. 2020. 00239 .

Puillandre, N., S. Brouillet, and G. Achaz. 2021. “ASAP: Assemble 
Species by Automatic Partitioning.” Molecular Ecology Resources 21, no. 
2: 609–620. https:// doi. org/ 10. 1111/ 1755-  0998. 13281 .

Quattrini, A. M., I. B. Baums, T. M. Shank, C. L. Morrison, and E. 
E. Cordes. 2015. “Testing the Depth- Differentiation Hypothesis in a 
Deepwater Octocoral.” Proceedings of the Royal Society B: Biological 
Sciences 282: 20150008. https:// doi. org/ 10. 1098/ rspb. 2015. 0008.

Quesada, H., R. Wenne, and D. O. F. Skibinski. 1999. “Interspecies 
Transfer of Female Mitochondrial DNA Is Coupled With Role-  
Reversals and Departure From Neutrality in the Mussel Mytilus trossu-
lus.” Molecular Biology and Evolution 16, no. 5: 655–665. https:// doi. org/ 
10. 1093/ oxfor djour nals. molbev. a026148.

R Core Team. 2024. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. https:// www. r-  
proje ct. org/ .

Rambaut, A., A. J. Drummond, D. Xie, G. Baele, and M. A. Suchard. 
2018. “Posterior Summarisation in Bayesian Phylogenetics Using 
Tracer 1.6.” Systematic Biology 67, no. 5: 901–904. https:// doi. org/ 10. 
1093/ sysbio/ syy032.

Ramirez- Llodra, E., A. Brandt, R. Danovaro, et al. 2010. “Deep, Diverse 
and Definitely Different: Unique Attributes of the World's Largest 
Ecosystem.” Biogeosciences 7: 2851–2899. https:// doi. org/ 10. 5194/ 
bg-  7-  2851-  2010.

Ratnasingham, S., C. Wei, D. Chan, et al. 2024. “BOLD v4: A Centralized 
Bioinformatics Platform for DNA- Based Biodiversity Data.” In DNA 
Barcoding. Methods in Molecular Biology, edited by R. DeSalle, vol. 2744, 
403–441. Humana. https:// doi. org/ 10. 1007/ 978-  1-  0716-  3581-  0_ 26.

Reed, A. J., J. P. Morris, K. Linse, and S. Thatje. 2014. “Reproductive 
Morphology of the Deep- Sea Protobranch Bivalves Yoldiella ecaudata, 
Yoldiella sabrina, and Yoldiella valettei (Yoldiidae) From the Southern 
Ocean.” Polar Biology 37: 1383–1392. https:// doi. org/ 10. 1007/ s0030 
0-  014-  1528-  4.

Reitzel, A. M., S. Herrera, M. J. Layden, M. Q. Martindale, and T. M. 
Shank. 2013. “Going Where Traditional Markers Have Not Gone Before: 
Utility of and Promise for RAD Sequencing in Marine Invertebrate 
Phylogeography and Population Genomics.” Molecular Ecology 22: 
2953–2970. https:// doi. org/ 10. 1111/ mec. 12228 .

Renz, J., E. L. Markhaseva, S. Laakmann, S. Rossel, P. Martinez Arbizu, 
and J. Peters. 2021. “Proteomic Fingerprinting Facilitates Biodiversity 
Assessments in Understudied Ecosystems: A Case Study on Integrated 
Taxonomy of Deep Sea Copepods.” Molecular Ecology Resources 21, no. 
6: 1936–1951. https:// doi. org/ 10. 1111/ 1755-  0998. 13405 .

Rex, M. A., and R. J. Etter. 2010. Deep- Sea Biodiversity: Pattern and 
Scale. Harvard University Press.

Riehl, T., A. C. Wölfl, N. Augustin, C. W. Devey, and A. Brandt. 
2020. “Discovery of Widely Available Abyssal Rock Patches Reveals 
Overlooked Habitat Type and Prompts Rethinking Deep- Sea 
Biodiversity.” Proceedings of the National Academy of Sciences of the 
United States of America 117, no. 27: 15450–15459. https:// doi. org/ 10. 
1073/ pnas. 19207 06117 .

Robicheau, B. M., S. Breton, and D. T. Stewart. 2017. “Sequence Motifs 
Associated With Paternal Transmission of Mitochondrial DNA in the 
Horse Mussel, Modiolus modiolus (Bivalvia: Mytilidae).” Gene 605: 32–
42. https:// doi. org/ 10. 1016/j. gene. 2016. 12. 025.

Rochette, N. C., A. G. Rivera- Colón, and J. M. Catchen. 2019. “Stacks 
2: Analytical Methods for Paired- End Sequencing Improve RADseq- 
Based Population Genomics.” Molecular Ecology 28: 4737–4754. https:// 
doi. org/ 10. 1111/ mec. 15253 .

Rodríguez- Pena, E., P. Verísimo, L. Fernández, A. González- Tizón, C. 
Bárcena, and A. Martínez- Lage. 2020. “High Incidence of Heteroplasmy 
in the mtDNA of a Natural Population of the Spider Crab Maja brachy-
dactyla.” PLoS One 15, no. 3: 1–20. https:// doi. org/ 10. 1371/ journ al. pone. 
0230243.

Rogers, A. D., and E. Ramirez- Llodra. 2024. “Deep- Sea Exploration of 
Marine Ecosystems – Knowledge and Solutions for Marine Biodiversity.” 
International Hydrographic Review 29, no. 1: 10–37. https:// doi. org/ 10. 
58440/  ihr-  30-  1-  a09.

Ross, R. E., W. A. M. Nimmo- Smith, R. Torres, and K. L. Howell. 2020. 
“Comparing Deep- Sea Larval Dispersal Models: A Cautionary Tale for 
Ecology and Conservation.” Frontiers in Marine Science 7, no. 431: 1–15. 
https:// doi. org/ 10. 3389/ fmars. 2020. 00431 .

Rossel, S., J. Peters, N. Charzinski, et  al. 2024. “A Universal Tool for 
Marine Metazoan Species Identification: Towards Best Practices in 
Proteomic Fingerprinting.” Scientific Reports 14, no. 1280: 1–11. https:// 
doi. org/ 10. 1038/ s4159 8-  024-  51235 -  z.

Rossel, S., J. Peters, S. Laakmann, P. Martínez Arbizu, and S. Holst. 
2023. “Potential of MALDI- TOF MS- Based Proteomic Fingerprinting 
for Species Identification of Cnidaria Across Classes, Species, Regions 
and Developmental Stages.” Molecular Ecology Resources 23: 1620–1631. 
https:// doi. org/ 10. 1111/ 1755-  0998. 13832 .

Ryan, C. G., E. Clayton, W. L. Griffin, S. H. Sie, and D. R. Cousens. 1988. 
“SNIP, a Statistics- Sensitive Background Treatment for the Quantitative 
Analysis of PIXE Spectra in Geoscience Applications.” Nuclear 
Instruments and Methods in Physics Research 34, no. 3: 396–402. https:// 
doi. org/ 10. 1016/ 0168-  583X(88) 90063 -  8.

Sakamoto, Y., M. Ishiguro, and G. Kitagawa. 1986. Akaike Information 
Criterion Statistics. D. Reidel Publishing Company.

Samuelsen, A., C. Schrum, V. Ç. Yumruktepe, U. Daewel, and E. M. 
Roberts. 2022. “Environmental Change at Deep- Sea Sponge Habitats 
Over the Last Half Century: A Model Hindcast Study for the Age of 
Anthropogenic Climate Change.” Frontiers in Marine Science 9: 737164. 
https:// doi. org/ 10. 3389/ fmars. 2022. 737164.

Sańko, T. J., and A. Burzyński. 2014. “Co- Expressed Mitochondrial 
Genomes: Recently Masculinized, Recombinant Mitochondrial Genome 
Is Co- Expressed With the Female – Transmitted mtDNA Genome in a 
Male Mytilus trossulus Mussel From the Baltic Sea.” BMC Genetics 15, 
no. 1: 28. https:// doi. org/ 10. 1186/ 1471-  2156-  15-  28.

Sano, N., M. Obata, and A. Komaru. 2007. “Quantitation of the Male 
and Female Types of Mitochondrial DNA in a Blue Mussel, Mytilus 
galloprovincialis, Using Real- Time Polymerase Chain Reaction Assay.” 

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fmars.2020.572166
https://doi.org/10.1093/plankt/fbh159
https://doi.org/10.1093/plankt/fbh159
https://doi.org/10.1111/1755-0998.13779
https://doi.org/10.1111/1755-0998.13779
https://doi.org/10.3389/fmars.2023.1122124
https://doi.org/10.3389/fmars.2023.1122124
https://doi.org/10.3389/fmars.2020.00239
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1098/rspb.2015.0008
https://doi.org/10.1093/oxfordjournals.molbev.a026148
https://doi.org/10.1093/oxfordjournals.molbev.a026148
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.5194/bg-7-2851-2010
https://doi.org/10.5194/bg-7-2851-2010
https://doi.org/10.1007/978-1-0716-3581-0_26
https://doi.org/10.1007/s00300-014-1528-4
https://doi.org/10.1007/s00300-014-1528-4
https://doi.org/10.1111/mec.12228
https://doi.org/10.1111/1755-0998.13405
https://doi.org/10.1073/pnas.1920706117
https://doi.org/10.1073/pnas.1920706117
https://doi.org/10.1016/j.gene.2016.12.025
https://doi.org/10.1111/mec.15253
https://doi.org/10.1111/mec.15253
https://doi.org/10.1371/journal.pone.0230243
https://doi.org/10.1371/journal.pone.0230243
https://doi.org/10.58440/ihr-30-1-a09
https://doi.org/10.58440/ihr-30-1-a09
https://doi.org/10.3389/fmars.2020.00431
https://doi.org/10.1038/s41598-024-51235-z
https://doi.org/10.1038/s41598-024-51235-z
https://doi.org/10.1111/1755-0998.13832
https://doi.org/10.1016/0168-583X(88)90063-8
https://doi.org/10.1016/0168-583X(88)90063-8
https://doi.org/10.3389/fmars.2022.737164
https://doi.org/10.1186/1471-2156-15-28


20 of 21 Ecology and Evolution, 2025

Development Growth and Differentiation 49: 67–72. https:// doi. org/ 10. 
1111/j. 1440-  169X. 2007. 00904. x.

Savitzky, A., and M. J. E. Golay. 1964. “Smoothing and Differentiation 
of Data by Simplified Least Squares Procedures.” Analytical Chemistry 
36, no. 8: 1627–1639. https:// doi. org/ 10. 1021/ ac602 14a047.

Scheltema, R. S. 1972. “Reproduction and Dispersal of Bottom Dwelling 
Deep- Sea Invertebrates: A Speculative Summary.” In Barobiology and 
the Experimental Biology of the Deep Sea, edited by R. W. Brauer, 58–66. 
University of North Carolina.

Scheltema, R. S., and I. P. Williams. 2009. “Reproduction Among 
Protobranch Bivalves of the Family Nuculidae From Sublittoral, 
Bathyal, and Abyssal Depths off the New England Coast of North 
America.” Deep- Sea Research Part II: Topical Studies in Oceanography 
56: 1835–1846. https:// doi. org/ 10. 1016/j. dsr2. 2009. 05. 024.

Schlitzer, R. 2022. “Ocean Data View (5.6.2).” Alfred Wegener Institute. 
https:// odv. awi. de/ .

Schmiedl, G., A. Mackensen, and P. J. Miiller. 1997. “Recent Benthic 
Foraminifera From the Eastern South Atlantic Ocean: Dependence on 
Food Supply and Water Masses.” Marine Micropaleontology 32: 249–287.

Shannon, L. V., and P. Chapman. 1991. “Evidence of Antarctic 
Bottom Water in the Angola Basin at 32° S.” Deep Sea Research Part A. 
Oceanographic Research Papers 38, no. 10: 1299–1304. https:// doi. org/ 
10. 1016/ 0198-  0149(91) 90028 -  E.

Shigenobu, Y., K. Saitoh, K. Hayashizaki, and H. Ida. 2005. 
“Nonsynonymous Site Heteroplasmy in Fish Mitochondrial DNA.” 
Genes and Genetic Systems 80, no. 4: 297–301.

Sigwart, J. D., C. Chen, E. A. Thomas, A. L. Allcock, M. Böhm, and M. 
Seddon. 2019. “Red Listing Can Protect Deep- Sea Biodiversity.” Nature 
Ecology & Evolution 3: 1134. https:// doi. org/ 10. 1038/ s4155 9-  019-  0930-  2.

Sigwart, J. D., R. Pollom, and M. Böhm. 2023. “The IUCN Species 
Survival Commission Launches a New Red List Authority to Assess 
Marine Invertebrates.” Oryx 57, no. 4: 418–419. https:// doi. org/ 10. 1017/ 
S0030 60532 300042X.

Singhal, N., M. Kumar, P. K. Kanaujia, and J. S. Virdi. 2015. “MALDI- 
TOF Mass Spectrometry: An Emerging Technology for Microbial 
Identification and Diagnosis.” Frontiers in Microbiology 6, no. 791: 1–16. 
https:// doi. org/ 10. 3389/ fmicb. 2015. 00791 .

Smith, C. H., B. J. Pinto, M. Kirkpatrick, D. M. Hillis, J. M. Pfeiffer, and 
J. C. Havrid. 2023. “A Tale of Two Paths: The Evolution of Mitochondrial 
Recombination in Bivalves With Doubly Uniparental Inheritance.” 
Journal of Heredity 114: 199–206. https:// doi. org/ 10. 1093/ jhered/ 
esad004.

Smith, E. A. 1885. “Report on the Lamellibranchiata Collected by HMS 
Challenger During the Years 1873- 76. Report on the Scientific Results 
of the Voyage of H.M.S. Challenger During the Years 1873- 76.” Zoology 
13: 1–341.

Snead, A. A., A. Tatarenkov, J. C. Avise, et al. 2023. “Out to Sea: Ocean 
Currents and Patterns of Asymmetric Gene Flow in an Intertidal Fish 
Species.” Frontiers in Genetics 14: 1206543. https:// doi. org/ 10. 3389/ 
fgene. 2023. 1206543.

Stewart, D. T., S. Breton, P. U. Blier, and W. R. Hoeh. 2009. 
“Masculinization Events and Doubly Uniparental Inheritance of 
Mitochondrial DNA: A Model for Understanding the Evolutionary 
Dynamics of Gender- Associated mtDNA in Mussels.” In Evolutionary 
Biology: Concept, Modeling, and Application, edited by P. Pontarotti, 
163–173. Springer Berlin Heidelberg. https:// doi. org/ 10. 1007/ 978-  3-  642-  
00952 -  5_ 9.

Stow, D., Z. Smillie, and I. Esentia. 2019. “Deep- Sea Bottom Currents: 
Their Nature and Distribution.” In Encyclopedia of Ocean Sciences, ed-
ited by J. K. Cochran, H. J. Bokuniewicz, and P. L. Yager, Third Edit 
ed., 90–96. Academic Press. https:// doi. org/ 10. 1016/ B978-  0-  12-  40954 
8-  9. 10878 -  4.

Takata, K., F. Iwase, A. Iguchi, et al. 2021. “Genome- Wide SNP Data 
Revealed Notable Spatial Genetic Structure in the Deep- Sea Precious 
Coral Corallium japonicum.” Frontiers in Marine Science 8: 667481. 
https:// doi. org/ 10. 3389/ fmars. 2021. 667481.

Talley, L. D. 2013. “Closure of the Global Overturning Circulation 
Through the Indian, Pacific, and Southern Oceans.” Oceanography 26, 
no. 1: 80–97. https:// doi. org/ 10. 5670/ ocean og. 2013. 07.

Taylor, M. L., and C. N. Roterman. 2017. “Invertebrate Population 
Genetics Across Earth's Largest Habitat: The Deep- Sea Floor.” 
Molecular Ecology 26: 4872–4896. https:// doi. org/ 10. 1111/ mec. 14237 .

Theologidis, I., S. Fodelianakis, M. B. Gaspar, and E. Zouros. 2008. 
“Doubly Uniparental Inheritance (DUI) of Mitochondrial DNA in 
Donax trunculus (Bivalvia: Donacidae) and the Problem of Its Sporadic 
Detection in Bivalvia.” Evolution 62, no. 4: 959–970. https:// doi. org/ 10. 
1111/j. 1558-  5646. 2008. 00329. x.

Thistle, D., S. C. Ertman, and K. Fauchald. 1991. “The Fauna of the 
HEBBLE Site: Patterns in Standing Stock and Sediment- Dynamic 
Effects.” Marine Geology 99: 413–422. https:// doi. org/ 10. 1016/ 0025-  
3227(91) 90053 -  7.

Thornhill, D. J., A. R. Mahon, J. L. Norenburg, and K. M. Halanych. 
2008. “Open- Ocean Barriers to Dispersal: A Test Case With the 
Antarctic Polar Front and the Ribbon Worm Parborlasia Corrugatus 
(Nemertea: Lineidae).” Molecular Ecology 17: 5104–5117. https:// doi. 
org/ 10. 1111/j. 1365-  294X. 2008. 03970. x.

Turekian, K. K., J. K. Cochran, D. P. Kharkar, et al. 1975. “Slow Growth 
Rate of a Deep Sea Clam Determined by 228Ra Chronology.” Proceedings 
of the National Academy of Sciences of the United States of America 72, 
no. 7: 2829–2832. https:// doi. org/ 10. 1073/ pnas. 72.7. 2829.

Türkay, M., and J. Pätzold. 2009. “METEOR- Berichte 09- 3, Southwestern 
Indian Ocean – Eastern Atlantic Ocean, Cruise No. 63, January 24 – 
March 30, 2005, Cape Town (South Africa) Mindelo (Cabo Verde).” 
10013/Epic.33287.d001.

Tyler, P. A., R. Harvey, L. A. Giles, and J. D. Gage. 1992. “Reproductive 
Strategies and Diet in Deep- Sea Nuculanid Protobranchs (Bivalvia: 
Nuculoidea) From the Rockall Trough.” Marine Biology 114, no. 4: 571–
580. https:// doi. org/ 10. 1007/ BF003 57254 .

Vollmer, N. L., A. Viricel, L. Wilcox, M. K. Moore, and P. E. Rosel. 
2011. “The Occurrence of mtDNA Heteroplasmy in Multiple Cetacean 
Species.” Current Genetics 57: 115–131. https:// doi. org/ 10. 1007/ s0029 
4-  010-  0331-  1.

Wai Ho, K., and M. F. M. Hanafiah. 2024. “Mitochondrial Heteroplasmy 
in Crustaceans and Its Implications to Species Delimitation: A Mini- 
Review.” Journal of Sustainability Science and Management 19, no. 9: 
192–203. https:// doi. org/ 10. 46754/  jssm. 2024. 09. 013.

Walker, J., J. Curole, D. Wade, et al. 2006. “Taxonomic Distribution and 
Phylogenetic Utility of Gender- Associated Mitochondrial Genomes in 
the Unionoida: Bivalvia.” Malacologia 48, no. 1–2: 265–282.

Wang, S., E. Meyer, J. K. Mckay, and M. V. Matz. 2012. “2b- RAD: A 
Simple and Flexible Method for Genome- Wide Genotyping.” Nature 
Methods 9, no. 8: 808–810. https:// doi. org/ 10. 1038/ nmeth. 2023.

Warén, A. 1981. “Ledella Verrill & Bush, 1897 (Mollusca, Bivalvia) 
Proposed Designation of Type Species Z.N.(S.) 2238.” Bulletin of 
Zoological Nomenclature 38, no. 2: 134–137.

Watling, L., J. Guinotte, M. R. Clark, and C. R. Smith. 2013. “A Proposed 
Biogeography of the Deep Ocean Floor.” Progress in Oceanography 111: 
91–112. https:// doi. org/ 10. 1016/j. pocean. 2012. 11. 003.

Weersing, K., and R. J. Toonen. 2009. “Population Genetics, Larval 
Dispersal, and Connectivity in Marine Systems.” Marine Ecology 
Progress Series 393: 1–12. https:// doi. org/ 10. 3354/ meps0 8287.

Wickham, H. 2020. “reshape2: Flexibly Reshape Data: A Reboot of the 
Reshape Package.” R Package Version 1.4.4. https:// cran. r-  proje ct. org/ 
packa ge= reshape2.

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1440-169X.2007.00904.x
https://doi.org/10.1111/j.1440-169X.2007.00904.x
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1016/j.dsr2.2009.05.024
https://odv.awi.de/
https://doi.org/10.1016/0198-0149(91)90028-E
https://doi.org/10.1016/0198-0149(91)90028-E
https://doi.org/10.1038/s41559-019-0930-2
https://doi.org/10.1017/S003060532300042X
https://doi.org/10.1017/S003060532300042X
https://doi.org/10.3389/fmicb.2015.00791
https://doi.org/10.1093/jhered/esad004
https://doi.org/10.1093/jhered/esad004
https://doi.org/10.3389/fgene.2023.1206543
https://doi.org/10.3389/fgene.2023.1206543
https://doi.org/10.1007/978-3-642-00952-5_9
https://doi.org/10.1007/978-3-642-00952-5_9
https://doi.org/10.1016/B978-0-12-409548-9.10878-4
https://doi.org/10.1016/B978-0-12-409548-9.10878-4
https://doi.org/10.3389/fmars.2021.667481
https://doi.org/10.5670/oceanog.2013.07
https://doi.org/10.1111/mec.14237
https://doi.org/10.1111/j.1558-5646.2008.00329.x
https://doi.org/10.1111/j.1558-5646.2008.00329.x
https://doi.org/10.1016/0025-3227(91)90053-7
https://doi.org/10.1016/0025-3227(91)90053-7
https://doi.org/10.1111/j.1365-294X.2008.03970.x
https://doi.org/10.1111/j.1365-294X.2008.03970.x
https://doi.org/10.1073/pnas.72.7.2829
https://doi.org/10.1007/BF00357254
https://doi.org/10.1007/s00294-010-0331-1
https://doi.org/10.1007/s00294-010-0331-1
https://doi.org/10.46754/jssm.2024.09.013
https://doi.org/10.1038/nmeth.2023
https://doi.org/10.1016/j.pocean.2012.11.003
https://doi.org/10.3354/meps08287
https://cran.r-project.org/package=reshape2
https://cran.r-project.org/package=reshape2


21 of 21

Wickham, H. 2023a. “ggplot2: Elegant Graphics for Data Analysis.” R 
Package Version 3.4.0. https:// cran. r-  proje ct. org/ packa ge= ggplot2.

Wickham, H. 2023b. “plyr: Tools for Splitting, Applying and Combining 
Data.” R Package Version 1.8.6. https:// cran. r-  proje ct. org/ packa ge= plyr.

Wickham, H., R. Francois, L. Henry, and K. Müller. 2022. “dplyr: A 
Grammar of Data Manipulation.” R Package Version 1.1.10. https:// doi. 
org/ 10. 32614/  CRAN. packa ge. dplyr .

Xu, T., J. Sun, J. Lv, et  al. 2017. “Genome- Wide Discovery of Single 
Nucleotide Polymorphisms (SNPs) and Single Nucleotide Variants 
(SNVs) in Deep- Sea Mussels: Potential Use in Population Genomics and 
Cross- Species Application.” Deep- Sea Research Part II: Topical Studies 
in Oceanography 137: 318–326. https:// doi. org/ 10. 1016/j. dsr2. 2016. 
03. 011.

Xu, T., J. Sun, H. K. Watanabe, et al. 2018. “Population Genetic Structure 
of the Deep- Sea Mussel Bathymodiolus platifrons (Bivalvia: Mytilidae) 
in the Northwest Pacific.” Evolutionary Applications 11: 1915–1930. 
https:// doi. org/ 10. 1111/ eva. 12696 .

Xuereb, A., L. Benestan, É. Normandeau, et  al. 2018. “Asymmetric 
Oceanographic Processes Mediate Connectivity and Population Genetic 
Structure, as Revealed by RADseq, in a Highly Dispersive Marine 
Invertebrate (Parastichopus californicus).” Molecular Ecology 27: 2347–
2364. https:// doi. org/ 10. 1111/ mec. 14589 .

Yao, G., H. Zhang, P. Xiong, H. Jia, Y. Shi, and M. He. 2022. “Community 
Characteristics and Genetic Diversity of Macrobenthos in Haima Cold 
Seep.” Frontiers in Marine Science 9: 920327. https:// doi. org/ 10. 3389/ 
fmars. 2022. 920327.

Yearsley, J. M., D. M. Salmanidou, J. Carlsson, D. Burns, and C. L. 
Van Dover. 2020. “Biophysical Models of Persistent Connectivity and 
Barriers on the Northern Mid- Atlantic Ridge.” Deep- Sea Research Part 
II: Topical Studies in Oceanography 180: 104819. https:// doi. org/ 10. 
1016/j. dsr2. 2020. 104819.

Young, C. M. 2003. “Reproduction, Development and Life- History 
Traits.” In Ecosystems of the World, Vol. 28 Ecosystems of the Deep Ocean, 
edited by P. A. Tyler, 381–426. Elsevier.

Young, C. M., M. A. Sewell, P. A. Tyler, and A. Metaxas. 1997. 
“Biogeographic and Bathymetric Ranges of Atlantic Deep- Sea 
Echinoderms and Ascidians: The Role of Larval Dispersal.” Biodiversity 
and Conservation 6: 1507–1522. https:// doi. org/ 10. 1023/A: 10183 
14403123.

Yssouf, A., P. Parola, A. Lindström, et  al. 2014. “Identification of 
European Mosquito Species by MALDI- TOF MS.” Parasitology Research 
113: 2375–2378. https:// doi. org/ 10. 1007/ s0043 6-  014-  3876-  y.

Zardus, J. D. 2002. “Protobranch Bivalves.” Advances in Marine Biology 
42: 1–65.

Zardus, J. D., R. J. Etter, M. R. Chase, M. A. Rex, and E. E. Boyle. 2006. 
“Bathymetric and Geographic Population Structure in the Pan- Atlantic 
Deep- Sea Bivalve Deminucula atacellana (Schenck, 1939).” Molecular 
Ecology 15: 639–651. https:// doi. org/ 10. 1111/j. 1365-  294X. 2005. 02832. x.

Zardus, J. D., and P. M. Morse. 1998. “Embryogenesis, Morphology and 
Ultrastructure of the Pericalymma Larva of Acila castrensis (Bivalvia: 
Protobranchia: Nuculoida).” Invertebrate Biology 117, no. 3: 221–244.

Zenk, W. 2008. “Abyssal and Contour Currents.” In Developments 
in Sedimentology, edited by M. Rebesco and A. Camerlenghi, 35–57. 
Elsevier Science. https:// doi. org/ 10. 1016/ S0070 -  4571(08) 10004 -  8.

Zhang, D., Y. Zhou, J. Yang, et  al. 2021. “Megafaunal Community 
Structure From the Abyssal to Hadal Zone in the Yap Trench.” Frontiers 
in Marine Science 8, no. 617820: 1–17. https:// doi. org/ 10. 3389/ fmars. 
2021. 617820.

Zheng, X., D. Levine, J. Shen, S. M. Gogarten, C. Laurie, and B. S. Weir. 
2012. “A High- Performance Computing Toolset for Relatedness and 
Principal Component Analysis of SNP Data.” Bioinformatics 28, no. 24: 
3326–3328. https:// doi. org/ 10. 1093/ bioin forma tics/ bts606.

Zouros, E. 2013. “Biparental Inheritance Through Uniparental 
Transmission: The Doubly Uniparental Inheritance (DUI) of 
Mitochondrial DNA.” Evolutionary Biology 40: 1–31. https:// doi. org/ 10. 
1007/ s1169 2-  012-  9195-  2.

Zouros, E., and G. C. Rodakis. 2019. “Doubly Uniparental Inheritance 
of mtDNA: An Unappreciated Defiance of a General Rule.” In Advances 
in Anatomy, Embryology and Cell Biology, vol. 231, 25–49. Springer 
International Publishing. https:// doi. org/ 10. 1007/ 102_ 2018_ 4.

Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Figure S1: ece371903- sup- 0001- FiguresS1.zip. 
Table  S1: ece371903- sup- 0002- TableS1.xlsx. Table  S2: ece371903- 
sup- 0002- TableS2.xlsx. Table  S3: ece371903- sup- 0004- TableS3.xlsx. 
Appendix S1: ece371903- sup- 0005- AppendixS1.docx. 

 20457758, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71903 by T

est, W
iley O

nline L
ibrary on [08/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=plyr
https://doi.org/10.32614/CRAN.package.dplyr
https://doi.org/10.32614/CRAN.package.dplyr
https://doi.org/10.1016/j.dsr2.2016.03.011
https://doi.org/10.1016/j.dsr2.2016.03.011
https://doi.org/10.1111/eva.12696
https://doi.org/10.1111/mec.14589
https://doi.org/10.3389/fmars.2022.920327
https://doi.org/10.3389/fmars.2022.920327
https://doi.org/10.1016/j.dsr2.2020.104819
https://doi.org/10.1016/j.dsr2.2020.104819
https://doi.org/10.1023/A:1018314403123
https://doi.org/10.1023/A:1018314403123
https://doi.org/10.1007/s00436-014-3876-y
https://doi.org/10.1111/j.1365-294X.2005.02832.x
https://doi.org/10.1016/S0070-4571(08)10004-8
https://doi.org/10.3389/fmars.2021.617820
https://doi.org/10.3389/fmars.2021.617820
https://doi.org/10.1093/bioinformatics/bts606
https://doi.org/10.1007/s11692-012-9195-2
https://doi.org/10.1007/s11692-012-9195-2
https://doi.org/10.1007/102_2018_4

	High Connectivity at Abyssal Depths: Genomic and Proteomic Insights Into Population Structure of the Pan-Atlantic Deep-Sea Bivalve Ledella ultima (E. A. Smith, 1885)
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sampling Design
	2.2   |   Molecular Analyses
	2.2.1   |   Tissue Preparation
	2.2.2   |   Mitochondrial Markers
	2.2.3   |   Single-Nucleotide Polymorphism Data by 2b-RAD
	2.2.4   |   Proteomic Fingerprinting


	3   |   Results
	3.1   |   Mitochondrial Markers
	3.2   |   2b-RAD Analyses
	3.3   |   Proteomic Fingerprinting

	4   |   Discussion
	4.1   |   Phylogeographic Patterns and Population Connectivity
	4.2   |   Proteomic Fingerprinting
	4.3   |   Mitochondrial Inheritance Patterns
	4.4   |   Conclusions and Implications for Conservation

	Author Contributions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


