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Executive summary 
Over the course of the iAtlantic project, more than 5 Tb of genomic data were obtained to study the 
sequence polymorphism of 10 species or species complexes (cold-water corals, vent and seep molluscs, 
vent shrimp) on a genome-wide scale. These data have been used in population genetics to assess the 
degree of past and present gene flows between a series of populations at the scale of the Atlantic 
Ocean, coupling it for certain species (cold seep mussels) with large-scale larval dispersal modelling. 
Genetic analyses have enabled connectivity maps to be drawn up for all species, establishing past and 
present preferential migration routes between Atlantic regions. This information is of vital importance 
in conservation biology and may help in the development of sustainable management tools for deep-
sea benthic communities living in fragmented and locally unstable environments. The studied deep-sea 
species tend to be distributed in geographic isolates, possibly linked by rare and sporadic migration 
events on a global scale. These species also have complex demographic histories, giving rise to cryptic 
species complexes that can hybridise locally following secondary contacts. Isolation by distance and the 
establishment of hydrographic and genetic barriers up to the closing of the Panama seaway has resulted 
in the regionalisation of most deep-sea species, a fact that must be considered in the current and future 
exploitation of biological and mineral resources from the deep ocean. The main findings of this work 
are:  

- (1) The hydrothermal vent species along the Mid-Atlantic Ridge (with the exception of Bresiliid 
shrimp) are distributed in different genetic units that do not exchange much along the ridge 
axis due to both physical and genetic barriers. These genetic units need to be managed locally, 
taking into account the genetic information obtained at a regional scale.  

- (2) The Atlantic seep mussels are geographically structured at the scale of the Atlantic Ocean 
with some rare events of long-distance migration. This structure is explained by the 
demographic history of species. Secondary contacts are probably linked with the closing of the 
Panama Seaway. However, long-distance migration events are not able to ensure the genetic 
homogenisation of populations, possibly due to the emergence of genetic barriers. 

- (3) Cold-water corals are more genetically structured than previously thought with the co-
occurrence of several cryptic species in Madrepora oculata at the scale of the Northeastern 
Atlantic, and the presence of several distinct populations within Desmophyllum pertusum at 
the scale of the whole Atlantic. 

  



  Deliverable 1.5 

Page 8 of 59 
 

1. Introduction 
Taxonomic analyses of deep-sea fauna occurring at abyssal depths (>2,000 m depth) has revealed the 
genetic variability between deep-sea populations, which cluster by broad geographic regions. (Wilson 
& Hessler 1987, White 1988, Grassle 1989, Rex et al. 1993). Formerly, this clustering was often 
explained by the depth and geographic extent of the abyssal plains, their partitioning into oceanic 
basins, and the often-reduced dispersal capacities of the species found there, such as isopod, amphipod 
and peracarid crustaceans (France et al. 1991, Brandt et al. 2012, Blazewicz-Paszkowycz et al. 2012, 
Chan et al. 2020), as well as molluscs and annelids (Puillandre et al. 2010, Brazier et al. 2016). The 
abyssal environment was also previously understood to be a stable and homogeneous environment, 
relying on trophic fallout from the upper layers of the ocean (Dayton & Hessler 1972) across great 
distances from which communities slowly diverged according to geography.  

However, subsequent studies have shown that the deep seafloor is not as homogeneous as previously 
understood with a variety of substrata and some local temporal instability (Levin et al. 2001). The 
discovery of more specialised abyssal communities grouped in underwater oases mostly dependent on 
specific environmental conditions (hydrothermal vents, seeps, whale carcasses, cold-water coral reefs) 
has definitively undermined this paradigm of habitat homogeneity and stability by showing just how 
fragmented and temporally unstable deep-sea environments can be (Ramirez-Llodra et al. 2010).  

In the context of habitat variability, the search for a favourable habitat to settle and reproduce can 
represent a big challenge for species with benthopelagic life cycles, for which the dispersal phase occurs 
as a larva. Regarding a fragmented and potentially unstable environment, the theory of 
metapopulations predicts that long-distance dispersal should be favoured to avoid inbreeding and to 
compensate for the local extinction of certain populations (Hamilton & May 1977, Levin et al. 1984, 
McPeek & Holt 1992). However, the resilience of a species depends also on its ability to both 
(re)colonise empty habitats and replenish source populations. Therefore, resilience also depends on 
the probability of individuals to be able to establish themselves and have offspring out of the total 
number of propagules released in the water-column (Chevaldonné et al. 1997). This can lead to 
alternative or mixed dispersal strategies that mainly depend on the dynamics and the carrying capacity 
of the environment itself for a given species (McPeek & Holt 1992, Doebeli & Ruxton 1997). These 
strategies have strong consequences on the genetic structure of species and/or the formation of new 
species. Over the past two decades, increasing evidence has been uncovered from genomic and 
barcode datasets to highlight that deep-sea species are much more genetically diversified than 
previously thought. Numerous cryptic species have formed in allopatry due to tectonism (Plouviez et 
al. 2009, Johnson et al. 2016, Matabos & Jollivet 2019, Breusing et al. 2020, Poitrimol et al. 2023, Tran 
Lu Y et al. 2023, in prep), depth, or the insularity of some habitats (Castelin et al. 2012, Jennings et al. 
2013, Rogacheva et al. 2013). These species may secondarily meet again to produce species ranges 
superimposition or hybrid zones (Faure et al. 2009, Johnson et al. 2013, Taboada et al. 2022, Paulus et 
al. 2022, Castel et al. 2023). 

Assessing genetic variability of species from genomic analyses over their range now makes it possible 
to trace back their demographic history and identify the dispersal patterns that led to their current 
distribution (Gagnaire et al. 2016). Fitting single nucleotide polymorphism (SNP) frequency spectra onto 
specific demogenetic models gives promising results in terms of estimating past and present-days gene 
flows and the time elapsed since the genetic exchanges were ceased or reactivated (Gagnaire et al. 
2016, Cayuela et al. 2018, Gagnaire 2020). The information on genetic variation carried by the genome 
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is sufficiently robust to identify the origin of first- and second-generation migrants or hybrids 
(Nussberger et al. 2013), which have established themselves in a given population. From this, it is 
possible to infer present-days exchanges between the sampled populations, providing that they differ 
to some extent (Wilson & Rannala 2003, Huisman 2017). These newly developed methods have been 
shown to be useful to determine patterns of dispersal and colonisation pathways. These methods are 
particularly well-suited for the marine fauna (Gagnaire et al. 2016, 2018, Rougeux et al. 2019, Gagnaire 
2020, Tran Lu Y et al. 2023, in prep) for which tracking larvae still remains difficult (but see: Mouchi et 
al. 2023). This approach can be used to detect putative long-distance migrants in a given population, 
and their impact in the replenishment of populations. For deep-sea fauna, many questions remain 
unanswered regarding (i) the degree of exchanges between populations in a species range, (ii) the 
identification of source populations for other populations replenishment and (iii) the larval dispersal 
strategies (lecithotrophy vs. planktotrophy, long-range vs. short-range dispersal) that have been 
adopted by species to optimise their resilience in a given marine landscape.  

Previous studies on Atlantic seep fauna and cold-water reef corals suggest that these species could 
disperse long-distances and may eventually be able to exchange larvae between active margin faunas 
on both sides of the North Atlantic Ocean. For cold seep fauna, this hypothesis was proposed because 
of the absence of genetic differentiation observed between them with the use of classical genetic 
markers such as Cox1 or microsatellites (Andersen et al. 2004, Olu-LeRoy et al. 2007, Hilario et al. 2011, 
Teixeira et al. 2013, LaBella et al. 2017). A similar idea was proposed by Boavida et al. (2019) and Gary 
et al. (2020) for cold-water framework-forming corals Desmophylum pertusum (also referred to as 
Lophelia pertusa) situated along the European continental slope on the Atlantic and the Mediterranean 
Sea (although a differentiation between basins was demonstrated in the case of D. pertusum), but not 
for another reef coral Madrepora oculata, which appears much more geographically structured. Similar 
studies have been performed for hydrothermal vent species along the Mid-Atlantic Ridge. For some 
species, panmixia over several thousands of kilometres was suggested (i.e. shrimps, Teixeira et al. 2012, 
Shinkailepas, Yahagi et al. 2019), questioning the hypothesis of the lack of physical barriers to dispersal 
for this fauna. The presence of divergent geographic lineages, possibly cryptic species was however 
detected for the hydrothermal vent mussels between vent sites of both the northern and southern 
parts of the ridge (i.e. Bathymodiolus sp., van der Heijden et al. 2012, Breusing et al. 2016).  

Focusing on the MAR, a comparative approach of several iconic species must be implemented to get a 
picture of larval dispersal along the ridge. Gastropods are pioneer species in ecological successions, 
being one of the first to colonise newly-formed hydrothermal vents or to recolonise them after 
disturbance (Mullineaux et al. 2010, Bayer et al. 2011, Marticorena et al. 2021, Sarrazin et al. 2022), 
and thus should be compared with shrimps and mussels using the same kind of genomic markers. 
Gastropods are thought to play an important role in the functioning and resilience of hydrothermal 
ecosystems (Sarrazin et al. 2022). While L. atlanticus has recently been listed as ‘Least Concern’ on the 
Vent Red List for molluscs, Peltospira smaragdina is listed as ‘Near Threatened’ (Thomas et al. 2021). 
Therefore, it is important to determine if several genetic groups exist and the extent to what they are 
connected. In addition, the comparative approach between species could help disentangle the role 
played by demographic history, life history traits and environmental factors (water chemistry or depth 
characteristics of sampled vent fields) in shaping genetic connectivity. 

To date, these analyses have not been sensitive enough to assess with accuracy the relative parts of 
the demographic history and present-days exchanges across and along the continental slopes of the 
Atlantic Ocean. As such a coupling between high resolution studies of present-days population 
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connectivity through genome-wide genetic approaches and 'large-scale' modelling of larval dispersal at 
different depths based on our knowledge of the biology and ecology of the same species, offers 
particularly promising prospects (Breusing et al. 2016; 2023). Larval dispersal modelling by simulating 
Lagrangian trajectories of particles can be used to test the hypothesis of a long-distance migration that 
can ensure efficient exchanges between seep mussel beds or cold-water coral reefs of the American, 
European and African margins, or along oceanic ridges. While such approaches have been widely used 
in coastal waters (Pineda et al. 2007, Nicolle et al. 2017, Ayata et al. 2018, Handal et al. 2020) they 
remain quite rare at the scale of an ocean. Larval dispersal simulations have been performed at the 
scale of the North Atlantic oceanographic model VIKING20X to explore the putative routes of migration 
for deep fauna, including cold-water coral species (Gary et al. 2020). Such an approach was used to 
estimate population connectivity of hydrothermal vent sites along the Mid-Atlantic Ridge with and 
without genetic validation (Breusing et al. 2016, Yearsley et al. 2020). However, most of these 
predictions were validated by genetic data at the genome scale over a multiple species approach. 

The Atlantic Ocean monitoring program through the H2020 iAtlantic project has developed such a 
modelling-genetic coupling through the use of the VIKING10/20 and INALT10/20 ocean circulation 
models developed by the GEOMAR partner (Kiel, Germany) and the production of individual genomic 
libraries targeting cold seep mussels from the American, African and European active margins by the 
SU partner (Roscoff, France). This novel work was for the first time made possible by collecting and 
barcoding nearly all currently available seep mussel collections that have been obtained by European 
and American deep-sea researchers (i.e. C. L. Van Dover (Duke University), C. M. Young (Oregon 
Institute of Marine Biology), E. Cordes (TEMPLE University), C. L. Morrison (US Geological Survey), M. 
R. Cunha (Aveiro University), K. Olu-LeRoy (IFREMER) over the last two decades. This first step enabled 
the visualisation and assessment of the pertinence of contemporary exchange pathways between the 
main cold seepage areas discovered so far. The existence of these larval-dispersal corridors was then 
validated or invalidated by genetic data from populations living in the same areas by population 
genomics analyses. This part of the work is presented herein and has been already published in 
Frontiers in Marine Science (Portanier et al. 2023) together with some connectivity maps that are now 
archived in PANGAEA (Jollivet et al. 2023a).  

Genomic analyses were also performed on hydrothermal vent fauna along the Mid-Atlantic Ridge by 
barcoding and genotyping several hundreds of gastropods (Peltospira smaragdina and Lepetodrilus 
atlanticus), mussels (B. azoricus and B. puteoserpentis) and shrimps (Rimicaris exoculata and R. chacei). 
We therefore combined high-throughput double-digest Restriction-site Associated DNA sequencing 
(ddRADseq) with population genetics and demographic inferences approaches. We relied on a 
comprehensive sampling scheme encompassing a large spatial scale, from the south of the MAR (5°S) 
to the northernmost site of Moytirra (45°N), representative of the known distribution range for the 
‘classical’ vent fauna (Sarrazin et al. 2022). Such an approach was also performed on cold-water reef 
corals found in canyons along both the American and European Atlantic margins by using Whole 
Genome Sequencing (WGS) using collections previously sampled during the European Union ATLAS 
project (2016-2020), and completed with additional ones coming from Brazilian waters and the Gulf of 
Mexico from a joint effort of IFREMER (MARBEC) with several US and Brazilian Institutes (i.e. M.V. 
Kitahara (University of Sao Paulo), C.L. Morrison (US Geological Survey) and Santiago Herrera (Lehigh 
University). This provided new ways to investigate whether previous larval dispersal modelling 
predictions were correct and reliable (Breusing et al. 2016, Yearsley et al. 2020, Gary et al. 2020) and 
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could be used as a tool for the preservation of marine life in the face of deep-sea mining and climate 
change.  

This Deliverable Report presents results of the larval dispersal modelling and genomic works that have 
been done so far by the partners SU, IFREMER and CNRS to contribute to our knowledge of the past-
to-recent dispersal pathways that shape the present-days distribution of emblematic species of deep-
sea fauna. 

2. Materials & Methods 
Source of specimens 

A comprehensive genomic survey of several deep-sea benthic species was performed using either 
ddRAD or WGS sequencing of hundreds of individuals for each species. Collections of seep mussels 
were obtained by SU on both sides of the North Atlantic (Barbados, GoM, Northeast US coast, Gulf of 
Cadiz and Gulf of Congo) from a Consortium of deep-sea researchers (i.e. C. L. Van Dover (Duke 
University), C. M. Young (Oregon Institute of Marine Biology), E. Cordes (TEMPLE University), C. L. 
Morrison (US Geological Survey), M. R. Cunha (Aveiro University), K. Olu-LeRoy (IFREMER)). Collections 
of vent gastropods, shrimps and mussels were obtained on the North Mid-Atlantic Ridge between 5°S 
to 45°N depending on the species from several oceanographic cruises (Momareto, 2007, chief scientist 
P.M. Sarradin; Biobaz, 2013, chief scientist F. Lallier; Momarsat, 2016 and 2019, chief scientist P.M. 
Sarradin; Bicose1 2014 and Bicose2 2018, chief scientist M.A. Cambon-Bonavita; Transect 2018, chief 
scientist N. LeBris; the VENTuRE Survey 2011 (A. Wheeler) and RV Meteor M78/2 2009, chief scientist 
R. Seifert). Cold-water coral samples of D. pertusum and M. oculata came primarily from the IFREMER 
collections from the Northeastern Atlantic and Mediterranean: most samples came from collections 
initiated during the CoralFISH EU project BobGeo (2009), CE0908 (2009) and BobEco (2011) cruises 
(Mission chiefs Jean-François Bourillet, Anthony Grehan and Sophie Arnaud-Haond), MAGIC (2010; 
mission chief Alexandra Savini) and IceCTD (2012; mission chiefs Norbert Franck and Sophie Arnaud-
Haond), and ATLAS EU project’s Medwaves expedition (Mission chief Covadonga Oreja) and IFREMER 
Mediterranean surveys (cruises Videocor 20017, Caladu 2018 and Caladu2 2021; mission chief Marie-
Claire Fabri). Precious samples from Southern Açores were also collected during the Athena cruise 
M151 (mission chief Norbert Franck Heidelberg). Samples of D. pertusum from North Sea oil platforms 
collected by industry were supplied by L.-A. Henry (UEDIN). Additional partners cruises contributed with 
few samples from interesting locations of the North Atlantic: samples from a Sonne cruise So276 (Saskia 
Bricks) and from Sweden (Ann Larsson). An important contribution of iAtlantic to this large dataset was 
the ability to collaborate more broadly to better understand the phylogeography of these species. S. 
Arnaud-Haond and ATLAS/iAtlantic coordinator J. M. Roberts initiated a collaboration with members of 
the cold-water coral (CWC) research community during. Ricardo Tomas Pereyra Ortega (Univ. of 
Goteborg) shared genome sequences obtained in Sweden, and Marcelo Kitahara (University of Sao 
Paulo) from Brazil. An additional collaborative effort was finally funded and planned during the 8th 
International Symposium of Deep-Sea Corals (8 ISDSC) in Early June 2023, with US and Brazil was added, 
thanks to additional iAtlantic funds derived from the non-use of the ROV Luso budget to extend the 
dataset to a pan Atlantic scale. Data were thus obtained from the Brazilian, South African and Gulf of 
Mexico waters with several US Institutes , C.L. Morrison (US Geological Survey) and Santiago Herrera 
(Lehigh University)  

Vent and seep invertebrates  

Most of the molecular methods presented in this report for seep mussels are similar between all the 
vent and seep species studied by the SU partner which also include the vent gastropods (P. smaragdina 
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and L. atlanticus) and the shrimp Rimicaris spp. Deep corals were studied following the WGS technology 
that uses a different bioinformatic suite of analyses which is presented here as a second paragraph in 
the Materials & Methods. 

Genomic DNA (gDNA) was extracted from frozen or ethanol-preserved whole animals (gastropods) or 
tissues of pleopods, foot, mantle or gills depending on their preservation state and availability. 
Extractions were performed using a 2% cetyltrimethylammonium bromide (CTAB)/1% 
polyvinylpyrrolidone (PVP) protocol following Jolly et al. (2003) for vent and seep mussels or using 
Macherey-Nagel NucleoSpin Tissue DNA extraction kits for the other vent species (shrimp and limpets), 
following the supplier recommendations (Macherey-Nagel, Düren, Germany). The mitochondrial 
cytochrome oxidase subunit 1 (CO1) gene was then amplified using degenerated version of universal-
applicable primers (Folmer et al. 1994) for Bathymodiolus species and newly derived primers for 
gastropod species. ddRAD libraries were produced on the same gDNA samples following the protocol 
detailed in Daguin-Thiébaut et al. (2021). The libraries were sequenced in 150-bp paired-end reads 
using the Illumina technology on a Novaseq 6000. Number of sequenced individuals are shown in Tables 
1, 2, 3 and 4.  

Raw reads were demultiplexed using the process_radtags module of Stacks software version 2.52 
(Catchen et al. 2013) to remove adapters and reads with low quality scores. The single nucleotide 
polymorphisms (SNPs) were then identified by Stacks and filtered in R version 4.1.1 (R Core Team, 2021) 
to keep the SNPs present in at least 90% of the individuals and only keep the individuals which were 
genotyped for at least 80% of the total number of SNPs. Mitochondrial haplotypes were determined 
using DnaSP v.6 (Rozas et al. 2017) and used to produce minimum spanning haplotype networks using 
PopArt v.1.7 (Leigh & Bryant 2015) to visually represent the relationships among haplotypes from 
different geographic locations within each species complex. For multiloci datasets, genetic interactions 
of individuals within a given species were visualised using the software Admixture or LEA (Alexander et 
al. 2009, Zhou et al. 2011) and multivariate analyses such as PCA.  

To identify effective migration routes for both the vent mussels belonging to Bathymodiolus and the 
seep mussels of the genera Gigantidas and Bathymodiolus, we used the IMa3 software (Hey et al. 2018) 
which implements hierarchical Bayesian, Markov-chain Monte Carlo simulations of gene genealogies 
under an Isolation with Migration model to estimate splitting times, effective population and migration 
rates between multiple populations from mitochondrial data. Additionally, we used the software dadi 
(Gutenkunst et al. 2009) when using SNPs derived from the ddRAD data. This later software implements 
28 population models encompassing different demographic scenarios which is highly time-consuming. 
The full set of simulations to infer strength and orientation of gene flow were thus obtained only for 
hydrothermal gastropods along the Mid-Atlantic Ridge. For the other species, diffusion approximations 
for demographic inference (dadi; Gutenkunst et al. 2009 analyses were performed only for the four 
basic population models (SI, IM, AM & SC with and without population growth). Lastly, the software 
DivMigrate (Sundqvist et al. 2016) was used to estimate past Fst-derived bidirectional gene flow from 
the SNP data using the individual genotypes of the bi-allelic loci archived in a Genepop format in 
PANGAEA (Jollivet et al. 2023b).  

Finally, larval dispersal modelling was only performed on the seep mussels using VIKING20X, an updated 
and expanded version of the VIKING20 ocean general circulation model aiming at hindcast simulations 
of Atlantic Ocean circulation variability on monthly to multi-decadal timescales. The spatial resolution 
was sufficient to capture mesoscale processes into subarctic latitudes (see a detailed description in 
Biastoch et al. 2021). Larval trajectories were modelled with the offline 3D Lagrangian code Parcels v2.0 
(Probably A Really Computationally Efficient Lagrangian Simulator) based on the 3D velocities provided 
by the VIKING20X model. Mussel larvae were released monthly during a unique spawning event that 
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occurred the first day of each month from November to March during the natural spawning period of 
Gigantidas childressi, from 2014 to 2019 to consider year-to-year variations in current patterns. 
Biological characteristics of larvae in terms of Planktonic Larval Duration (PLD), behaviour and mortality 
were defined according to field observations and laboratory experiments performed on G. childressi 
(Arellano et al. 2011, 2014). 

Deep cold-water corals 

Population genomic analyses were performed on D. pertusum and M. oculata samples from the 
Mediterranean Sea and North-East Atlantic. These samples were remapped on two high-quality, 
annotated reference genomes (one for D. pertusum/L. pertusa and one for M. oculata) assembled by 
Genoscope of Evry (project eDNAbyss, France Génomique 2017-2021) at the end of 2021 (sequencing) 
and early 2022 (annotation), resulting in 626 and 1,325 contigs for D. pertusum and M. oculata 
respectively. More recently, data from colleagues in Eastern Atlantic (Brazil and US coasts) were added 
for both species, in order to obtain a better pan-Atlantic picture. 

Samples preparation 

European scale 

For the European Atlantic coast and the Mediterranean Sea, 91 samples of D. pertusum and 83 samples 
of Madrepora oculata were used for WGS analysis (Figure 1, Table 5).  

Whole Genome resequencing (shotgun) libraries were produced in late 2022 for the European samples 
with a targeted coverage of 30X per sample. The whole D. pertusum libraries for EU samples were 
produced by the company Genotoul (Toulouse1) and M. oculata at Integragen (Evry2), in both case 
funded by national projects (“Pourquoi Pas les Abysses”, IFREMER 2017-2021 and Clonix 2D, ANR-18-
CE32-0001, respectively). Libraries were sequenced on a Novaseq sequencer (150 pb paired-end 
reads). The raw data for these WG sequencing libraries were obtained in early to mid-January 2023. For 
European samples, technical replicates (the same DNA sample sequenced twice) and few biological 
replicates (different polyps from the same colony and different colony displaying the same genotype) 
were included in the sequencing effort to ensure and assess possible technical, sequencing errors and 
to assess clonality effect on next-generation sequencing (NGS) data.  

Pan-Atlantic scale 

The collaborations mentioned above have allowed gathering a pan-Atlantic consortium to expand our 
European scale to a Pan-Atlantic scale to provide a first comprehensive view of the genetic divergence 
of these species. This added 59 samples from Brazil, 3 from South Africa, 16 from the Northwestern 
Atlantic and 8 from Gulf of Mexico for D. pertusum. In addition, 6 samples from Brazil, 5 from Pacific 
Ocean and 7 from Gulf of Mexico were also processed for Madrepora. (See Figure 1, Table 5). WGS 
libraries for Brazilian and African samples were produced by our Brazilian collaborator (Dr M.V. Kithara) 
using extra-funding from iAtlantic while libraries for US coast samples were produced by Genohub (US) 
thanks to a collaborative effort (US, IFREMER/CNRS). As European samples, these libraires were 
sequenced using a Novaseq sequencer (150 pb paired end reads) and raw data were obtained in mid-
July 2023 for Brazilian and African samples and mid-August 2023 for US samples.  

Mapping & calling 

Raw read quality was assessed with FastQC (v0.11.9) prior to the mapping and assembly. Raw reads 
were pre-processed with fastp (v.0.23.4) and trimmomatic (V.0.36) to filter Adapter content and trim 

 
1 https://www.genotoul.fr 
2 https://integragen.com/fr 

https://www.genotoul.fr/
https://integragen.com/fr/
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the first 10 base pairs. Pre-processed reads were mapped to the reference genome using BWA-MEM2 
(v2.2.1) with default settings. The resulting individual samples SAM files were sorted and transformed 
with SortSam (Picard v2.21.1), duplicate reads were marked with MarkDuplicates (Picard v2.21.1), and 
individual sample information was then added using AddOrReplaceReadGroups (Picard v2.21.1). The 
mapping quality was assessed using samtools (v1.9). Variant calling was performed using the caller 
BCFTOOL mpileup (v1.13) with default settings. 

Data filtering 

A first Variant Call Format (VCF) file (dataset) was generated with only European samples independently 
for both species with different stages of filtering to minimise erroneous SNPs and the effect of missing 
data. For D. pertusum, the filtering steps were realised with VCFTOOLS (v.0.1.16) to minimise the effect 
of low-quality variants and missing data, with the following arguments (--minDP 5, --min quality 40, --
mean DP 10, max missingness per variant and individual at 25% and then max missingness per variant 
at 10%). We excluded indels and kept only bi-allelic variants in the dataset. We then kept only one 
variant per 1,000 base pairs (--thin 1,000) to minimise the effect of linkage disequilibrium. To minimise 
the effect of clonal replicates on downstream population genetics analysis, we also excluded clonal 
samples and technical replicates. Similarly, the Madrepora dataset was filtered with the same approach 
and slightly different parameters (--minDP 5, --min quality 40, --meanDP10_40, max variant and 
individual missingness at 25%, only bi-allelic variants, removed clones and technical replicates and --
thin 1,000). 

Population analyses 

The contemporary genetic population structure for both species was examined using several 
approaches and methods. Principal Component Analysis (PCA) with SNPrelate (v1.32.2: Zheng et al. 
2012) was performed to explore the signal of structuration without prior. Ancestry proportion and 
admixture analyses were performed using Admixture (v.1.3.0). Individual genetic relatedness was 
estimated by using the Identity-by-State (IBS) between pairs of individuals with SNPrelate (v1.32.2). 
Additional analyses such as f3 statistic and Treemix were also used to investigate introgression and 
admixture between populations (Pickrell & Pritchard 2012). Pairwise Fst and Fis per locality was assessed 
with snpR (v1.2.8.0). Windowed differentiation statistics along the genome, including Fst, (Raw 
nucleotide divergence) dxy, and nucleotide diversity (π), per lineages or population, was calculated with 
the python scripts from ‘Genomics_general’3. Preliminary demo-genetic inferences were performed 
with the software moments (v.1.1.15: Jouganous et al. 2017) with four basic models (SI, IM, AM and 
SC) only for Desmophyllum pertusum. 

3. Results 
Seep mussels 

Both larval dispersal modelling and genetic data were used to examine efficient larval exchange 
pathways across the Atlantic in the two main species complexes of deep-sea mussels exploiting these 
hydrocarbon/methane seeps, namely: Bathymodiolus heckerae, B. boomerang and Gigantidas 
childressi, G. mauritanicus. Simulations of larval dispersal were carried out on 20 localities distributed 
on both sides of the Atlantic based on a pelagic larval duration (PLD) of one year with the progressive 
ascent of larvae in the surface layer until they reach the thermocline (around a depth of 200 m). These 
dispersal simulations showed possible present-days exchanges at the latitude of the Atlantic equatorial 
belt (Figure 2). These dispersal results agree with mitochondrial data, which were used to barcode 
individuals (mtCox1). In particular, genetic data supports the probable arrival of migrants on the 

 
3 https://github.com/simonhmartin/genomics_general 
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Nigerian coast from seeps of the Barbados accretion prism in the species B. boomerang, and the recent 
connection of G. childressi and G. mauritanicus across the Caribbean Sea (three mauritanicus migrants 
sampled there) and a possible old corridor of larval exchanges with Europe at the level of the north-
eastern overturning loop of the AMOC. Conversely, the mitochondrial data unexpectedly refute the 
existence of exchanges between the Barbados accretionary prism and the Gulf of Mexico, despite the 
incoming flow of larvae predicted by the physical models of water-mass circulation. A similar 
discrepancy between the two methods was also found along the African coasts where a lack of larval 
transport associated with the dispersal model is invalidated by the genetic data. As part of these results, 
a paper has been published in Frontiers in Marine Science in a special iAtlantic issue (Portanier et al. 
2023). All genetic data and larval dispersal simulations over 20 localities and 25 dates have been 
archived in Geonode and PANGAEA (Jollivet et al. 2023a) and sequences have been archived in a 
European Nucleotide Archive (ENA) repository. 

Table 1. Number of individual genomic (ddRAD) libraries which are eligible for population genomics 
studies with more than one million usable reads for SNP detection in B. boomerang/heckerae. Barcoded 
individuals used in the IMa3 analysis corresponded to the same individuals. Listed names represent 
seep localities. All information concerning geographic coordinates and depth of samples are provided 
in Portanier et al. (2023) and in PANGAEA (Jollivet et al. 2023a,b4). 

 B. boomerang B. heckerae Total 

Blake Ridge  26 26 

Florida Escarpment  19 19 

Kick’em Jenny (KeJ) 
volcano -Barbados 

12  12 

Nigeria Slope 12 18 30 

Norfolk Canyon  1 1 

Regab seeps  

(Gulf of Congo) 
88  88 

Total 112 64 176 

 

Table 2. Number of individual genomic (ddRAD) libraries which are eligible for population genomics 
studies with more than one million usable reads for SNP detection in G. childressi/mauritanicus. 
Barcoded individuals used in the IMa3 analysis corresponded to the same individuals. Listed names 
represent seep localities. All information concerning geographic coordinates and depth of samples are 
provided in Portanier et al. (2023) and in PANGAEA (Jollivet et al. 2023a,b5). 

 G. childressi G. mauritanicus Total 

Alaminos Canyon 16  16 

Baltimore Canyon 36  36 

Barbados Prism  13 13 

 
4 https://doi.org/10.1594/PANGAEA.961199, https://doi.org/10.1594/PANGAEA.955455 
5 https://doi.org/10.1594/PANGAEA.961199, https://doi.org/10.1594/PANGAEA.955455 

https://doi.org/10.1594/PANGAEA.961199
https://doi.org/10.1594/PANGAEA.955455
https://doi.org/10.1594/PANGAEA.961199
https://doi.org/10.1594/PANGAEA.955455
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 G. childressi G. mauritanicus Total 

Gulf of Cadiz  40 40 

Chincoteague Canyon 52  52 

Green Canyon 25  25 

Kick’em Jenny volcano  23 23 

Mississippi Canyon 22  22 

New England Seeps 20 2 22 

Nigeria Slope  8 8 

Norfolk Canyon 29  29 

NR-1 Brine Pool 27  27 

Shallop Canyon 17  17 

Veatch Canyon 26  26 

Total 270 86 356 

 
Table 3. Sub-sample of barcoded individuals of P. smaragdina and L. atlanticus for the mtDNA analyses. 
Listed names represent vent sites along the Mid-Atlantic Ridge. All information concerning geographic 
coordinates and depth of samples are provided in PANGAEA (Jollivet et al. 2023a6). 

 P. smaragdina L. atlanticus Total 

Moytirra (45°N) 8  8 

Menez Gwen (37°N)  5 5 

Lucky Strike (37°N) 14 8 22 

Rainbow (35°N) 25 8 33 

Broken Spur (29°N) 8 7 15 

TAG (26°N) 8  8 

Snake Pit (23°N) 12  12 

Golden Valley (5°S)  6 6 

Total 75 34 109 

 
  

 
6 https://doi.org/10.1594/PANGAEA.961199 

https://doi.org/10.1594/PANGAEA.961199
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Table 4. Number of individual genomic (ddRAD) libraries which are eligible for population genomics 
studies with more than 1 million usable reads for SNP detection in hydrothermal vent invertebrates. 
Listed names represent vent sites along the Mid-Atlantic Ridge and Cayman Ridge. All information 
concerning geographic coordinates and depth of samples are provided in PANGAEA (Jollivet et al. 
2023a7). 

 P. smaragdina L. atlanticus R. exoculata R. chacei/hybisae Total 

Moytirra (45°N) 26    26 

Menez Gwen 
(37°N) 

 28   28 

Lucky Strike (37°N) 28 22  19 69 

Rainbow (35°N) 25 16 26 2 69 

Broken Spur (29°N) 43 25 18 27 113 

TAG (26°N) 42  23 32 97 

Snake Pit (23°N) 43  22 30 95 

Logachev (14°N)   26  26 

Golden Valley (5°S)  24   24 

Beebe (Cayman)    23 23 

Total 207 115 115 133 570 

 
7 https://doi.org/10.1594/PANGAEA.961199 

https://doi.org/10.1594/PANGAEA.961199


 

 

Figure 1. (A) Sampling maps of Desmophyllum pertusum (Lophelia pertusa) and Madrepora oculata at the Ocean Atlantic scale. (A) sampling of both species with colours 
representing the main geographic regions and point shapes (square vs triangle) the species. Maps (B) and (C) display the fine scale sampling of D. pertusum and M. oculata, 
respectively. Colour points represent localities and small yellow spots record the known occurrence for each species in (B) and (C). 
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Table 5. Number of individual WGS libraries obtained for the deep corals D. pertusum and M. oculata. 
*: three distinct localities. Geographic positions of samples are illustrated in Figure 1 and available in 
Appendices 1 and 2. 

Basin Locality Coordinates D. pertusum 
(N) 

M. oculata 
(N) 

West Atlantic Norfolk Canyon 37.09/74.55 7  

West Atlantic Canaveral 28.11/78.78 9  

Azorean archipelago Meteor 

 

Formigas 

29.74 to 30.36 

-28.53 to -29.26 

 37.34/-27.74 

 

 

3 

7 

3 

Bay of Biscay Croisic Canyon 

Guivinec Canyon 

Morgat Canyon 

Petite Sole 

46.38/-4.68  

46.93/-5.36 

47.32/-6.35 

48.12/-8.80  

2 

1 

3 

8 

4 

3 

5 

6 

Bay of Cadiz Mud volcano 36.56/-6.93 1 7 

Celtic Sea Logachev 55.52/-15.65 8 5 

Iceland Londsjup 

Hafadjup 

Ormonde 
Seamounts 

63.87/-14.00 

63.34/-19.60 

63.34/-19.60 

3 

2 

1 

 

3 

3 

1 

Atlantic Rockall -59.40/-10.10 6  

Mediterranean Sea Bay of Lyon 42.55/3.41 

43.11/5.46 

4 6 

6 

Mediterranean Sea Santa Maria di 
Leuca (Italy) 

39.06/18.01 4 8 

Mediterranean Sea Alboran Sea 
Seco_de_los_Olivos 

36.54/-2.82 3 9 

North Sea Norway -Tisler 59.00/10.97 10  

Gulf of Mexico Mississippi Canyon 27.00/-85.00 8 8 

South Atlantic Brazil -24.40/-43.93 26* 6 

South Atlantic South Africa  -30.52/16.65 

-36.88/22.00 

2 

1 

 

Total   112 90 
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Figure 2. Connectivity map obtained by larval dispersal simulations for the seep mussels as extracted 
from Portanier et al. (2023). Red and purple colours represent the seep localities from which larvae 
have been emitted (NE: New England seeps, NO: Norfolk Canyon, BC: Baltimore Canyon, BI: Bodie 
Island, NR1: Brine Pool; AC: Alaminos Canyon, LS: Louisiana Slope, KeJ: Kick’em Jenny volcano, TRI: 
Trinidad El Pilar seeps, AM: Amazon fan, SP and SPD: Sao Paulo seeps, LOST: Lost City seeps, LOG: 
Logachev seeps, CA: Darwin volcano in Gulf of Cadiz, SWIM, ARG: Arguin Bank, CS: Cadamostro 
Seamount, NIG: Nigerian slope, WAM: West African margin seeps, GUIN: Regab seeps). Polygons in blue 
represent the main recipient zones for the larval settlement (NE Atlantic: North East Atlantic, NWAM: 
North western African Margin, US margin: Northeast US coast, GoM: Gulf of Mexico, NMAR: North 
MAR, MMAR: Mid MAR, SMAR: South MAR). Black arrows correspond to larval fluxes as a proportion 
of the total number of larvae emitted from a given locality.  

Genomic data were then used to validate the occurrence of specific dispersal corridors for the two seep 
mussel complexes of species using RADseq, leading to a high number of nuclear loci (SNPs, n = 5,878 
for B. boomerang/heckerae, and n = 6,344 for G. childressi/mauritanicus) but without the individuals 
coming from the Nigerian slope for which DNA was too much degraded to get nuclear markers. These 
bi-allelic loci indicated a clear spatial segregation of the seep mussel populations and validated the 
hypothesis, that these two species complexes are formed by 3 (Bathymodiolus group) and 4 (Gigantidas 
group) distinct genetic units as previously shown with the mitochondrial analysis. These units represent 
geographic isolates on both sides of the North Atlantic, with the clear geographic isolation of G. 
mauritanicus in the Gulf of Cadiz, and B. boomerang in the Gulf of Guinea (see Figure 3A & 4A). A small 
proportion of alleles (0.5-1%) in African populations come from the western Atlantic seep localities and 
could represent rare events of trans-Atlantic migration. In the specific case of Bathymodiolus, both the 
PCA and Landscape and Ecological Association Studies (LEA) analyses placed the Blake Ridge population 
(reference type heckerae) as a collection of intermediate (admixed) individuals between the Florida 
Escarpment population (type heckerae) and the Barbados Prism population (reference type 
boomerang) (Figure 6A), suggesting an ‘old’ pathway of colonisation across the Caribbean Sea, at least 
for B. boomerang. In the specific case of Gigantidas, both the PCA and Admixture analyses clearly 
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showed the presence of F1/F2 hybrids between childressi and mauritanicus at a minimum of three 
locations (KeJ, Mississippi Canyon, New England seeps & Chincoteague canyon: see Figure 5B). Hybrids 
and backcrosses were however more numerous in the Northeast US canyons with a greater level of 
allele introgression in the Norfolk canyon for both alleles coming from GoM and Barbados. 

A 

 

B 
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C 

 
 

Figure 3. Pathways of migration for the cold seep complex of mussel species B. boomerang/B. heckerae. 
(A) PCA plot of mussel individuals based on their allelic frequencies at the genome scale (KeJ= Barbados 
accretionary Prism, FE= Florida Escarpment, BR=Blake Ridge and REG= Regab (Gulf of Guinea), (B) 
Admixture graph of mussel individuals showing three distinct genetic units (FE: B. heckerae from Florida 
Escarpment, KeJ: B. boomerang from the Barbados accretionary Prism and Regab: B. boomerang from 
the Gulf of Guinea) with all the individuals of Blake Ridge (BR) and the individual from the Norfolk 
Canyon (NO) having a boomerang genetic background introgressed by heckerae alleles. (C) Connectivity 
map showing strong oriented present-days gene flow from both FE and KeJ to BR as obtained from dadi 
under a population model of secondary contact (SC). 
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B 



Figure 4. Pathways of migration for the cold seep complex of mussel species G. childressi/G. mauritanicus. (A) PCA plot of mussel individuals based on their allelic frequencies 
at the genome scale: arrows indicate intermediate individuals between G. childressi (Northeast US Canyons or Gulf of Mexico) and G. mauritanicus from the Barbados 
accretionary Prism (KeJ), (B) Admixture graph of mussel individuals showing four distinct genetic units (GoM: G. childressi from the Gulf of Mexico (ALA: Alaminos C., GRC: 
Green C., MIS: Mississippi C. and BRP: Brine Pool), US Canyons: G. childressi from the Northeast US Canyons (BAL: Baltimore C., CHI: Chincoteague C., NWE: New England seeps, 
NOR: Norfolk C., SHA: Shallop C., VEA: Veatch C.), KeJ/Barbados: G. mauritanicus from the Barbados accretionary Prism and Cadiz: G. mauritanicus from the Gulf of Cadiz) with 
some individuals of the Northeast US Canyons (CHI: Chincoteague and NWE: New England) being hybrids of first or second generation (arrows). (C) Connectivity map showing 
strong oriented present-days gene flow from both GoM and KeJ to the Northeast US canyons as obtained from dadi under a population model of secondary contact (SC).



The software dadi and DivMigrate provided congruent information about past-to-recent gene flows 
with strong to moderate gene flows from Gulf of Mexico and the Barbados accretionary prism to the 
canyons of the Northeastern US coast of the Atlantic (see Figures 3C & 4C), and the best fit of the 
genomic data to a population model obtained by dadi was the secondary model for the two seep mussel 
complexes of species with short to moderate Tsc (time since the secondary contact) when compared 
to the total isolation time since the initial population split. The statistical analysis of preferential Gst-
based gene flow directions between the different populations done with DivMigrate (100 bootstraps) 
clearly indicated that the main gene flow orientations are from the South American coast (Barbados) 
to the North American coast, and to lesser extent from East to West across the Atlantic, with some 
recipient populations along the US coast (Chincoteague, Norfolk, Baltimore and New England).  

 
Figure 5. Past-to-recent oriented gene flows estimated between the seep mussel populations with the 
Fst-derived method of DivMigrate for (A) B. boomerang/B. heckerae and (B) for G. childressi/G. 
mauritanicus. 

Vent gastropods 

A first study was initiated on barcoded individuals (mtCox1 gene) to evaluate whether the two 
morphological species of vent gastropods P. smaragdina and L. atlanticus represented ‘true’ genetic 
species. Then, a second genetic analysis was done on each species at the genome scale to estimate the 
direction and strength of gene flow between a series of geographic populations along the Mid-Atlantic 
Ridge. Both mitochondrial (Cox1 sequences) and nuclear (SNPs, n = 16,603 for P. smaragdina, 15,529 
for L. atlanticus) markers indicated a clear spatial segregation of the vent gastropod populations for the 
two species investigated. 

The haplotype network showed a clear separation between the three divergent genetic lineages for L. 
atlanticus (Figure 7A) and this relatively high level of divergence clearly indicated that these three 
lineages fall into the grey zone of speciation (dxy = 1.0 to 1.5%). Mitochondrial divergence and spatial 
arrangement of haplotypes were less pronounced between P. smaragdina populations (dxy = 0.5% 
between Moytirra and the other populations, Figure 7B) but still indicated that this latter species is also 
geographically highly structured. 
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Figure 6. Haplotype networks for the A) Lepetodrilus atlanticus and B) Peltospira smaragdina species. 

Genetic patterns estimated from SNPs were quite similar with at least three nearly independent genetic 
units spatially separated indicating low to no gene flow between them for both species. These 
metapopulations correspond to South MAR, mid (14-29°N) MAR and the Azorean triple junction for L. 
atlanticus (Figure 8A and 9A), and mid MAR, the Azorean triple junction and North MAR (45°N) with the 
presence of a contact zone near Rainbow (35°N) for P. smaragdina (Figure 8B and 9B). The presence of 
parental individuals of genetic cluster 1 from Lucky Strike (membership probability of 1.0 to cluster 1), 
but not from the southernmost cluster 3 (Figure 9B) and the strong allele introgression of cluster 1 into 
cluster 3 at Rainbow indicates that most gene flow occurs in a southward direction. The presence of 
both F1 and F2 hybrids at Rainbow however indicates that gene flow, although low, is currently 
occurring in both directions on this portion of ridge. In L. atlanticus, no gene flow was detected using 
the SNPs dataset (no admixed individuals, Figure 9A) and ASAP analyses on the mitochondrial DNA 
pointed to the presence of three separated OTUs. As also illustrated by the lower percent of variance 
explained by the PCA axes, the genetic differentiation was overall lower for P. smaragdina than for L. 
atlanticus, suggesting more exchanges of more contemporary migrants between populations of the 
former species. 

 

Figure 7. PCA performed on the SNPs datasets for A) Lepetodrilus atlanticus with three distinct 
geographic isolates and B) Peltospira smaragdina with the detection of a continuum of intermediate 
individuals between two of the three main genetic units (red/yellow vs turquoise points) at Rainbow. 
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Figure 8. ADMIXTURE analyses performed on the SNPs datasets for A) Lepetodrilus atlanticus and B) 
Peltospira smaragdina. In both species, populations are separated into three genetic groups (in blue, 
yellow and green for L. atlanticus, and in dark blue, turquoise and yellow for P. smaragdina. The 
admixture graph of P. smaragdina clearly shows the presence of F1, F2 and admixed individuals 
together with the two parental types at Rainbow. 

Although close to a strict isolation (SI) model from both the PCA and ADMIXTURE analyses, demographic 
inferences suggested that the best demographic scenarios between the three genetic L. atlanticus 
groups were secondary contact scenarios with a strong effect of linked selection and population size 
changes (all pairs) as well as heterogenous migration rates along the genome (i.e. barrier loci, pairs 
Menez-Gwen-5°S, Broken Spur-5°S, Table 6). It thus seemed that the three previously evidenced 
genetic units may have been recently reconnected. The number of migrants per generations were 
indeed very low and the times spent isolated (Ts) very large as compared to the time spent since the 
secondary contact (Tsc, Table 6, Figure 10A). Migration seemed to be slightly biased in a northward 
direction (Table 6, Figure 10A). Regarding P. smaragdina, an isolation with migration model with an 
effect of linked selection and population size changes was the best supported between clusters 1 and 
3 (Table 6) but the analysis did not include the Rainbow population, which clearly gave credit to the 
hypothesis of secondary contact between these two clusters. Between Moytirra cluster and the Snake 
Pit or Lucky Strike clusters, the best model was a secondary contact model with population size changes 
(both pairs) and the effect of linked selection with heterogeneous migration along the genome 
(Moytirra-Snake Pit pair). Overall, the presence of both non-negligible northward and southward 
present-days migration was detected along the ridge (Table 6, Figure 10B) although the main direction 
of migration was clearly southward using both dadi and DivMigrate. This southward pathway of the 
ridge colonisation may be therefore dictated by bottom currents, at least for the vent gastropods.  
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Table 6. Parameters estimated using dadi software for L. atlanticus and P. smaragdina population pairs 
(population 1 – population 2). Ni : population size of each population i; Ta : time before Ts at which the 
change in Na occurred, Ts : time of strict divergence; Tsc : time of divergence with migration, bi : the 
population i’s growth factor; hrf : Hill-Robertson factor; Q : proportion of loci that are under the effect 
of linked selection (i.e., Hill-Robertson effect); P : proportion of loci that have unconstrained migration; 
Mij : represents the unrestricted migration rate from the population j towards population i; mij : 
number of migrants per generations from the population j towards population i (calculated as mij = 
bi*Nui*Mij /2); meij : the restricted migration rate (e.g., barrier loci) from population j towards 
population i. Times are expressed in years. 

 L. atlanticus P. smaragdina 

Pop pair  MG-BS MG-5°S BS-5°S MO-LS  MO-SP LS-SP 

 Best model SC2NG SC2N2mG SC2N2mG SC2mG  SC2N2mG IM2NG 

N1 4,926 1,329 549 3,027 1,772 729 

N2 3,223 5,902 1,301 9,826 8,908 2,940 

Na 25,155 573 5,982 457 1,038 21,748 

Ta 8,539 1,103 11,900 4,143 714 7,957 

Ts 4,255 12,709 10,873 10,776 4,083 794 

Tsc 1,614 837 390 1,182 586  

b1 1.644 1.272 0.393 0.356 0.351 7.443 

b2 0.358 0.033 0.256 0.308 0.208 21.464 

hrf 0.179 0.087 0.042  0.124  

P  0.008 0.031 0.087 0.001  

Q 0.493 0.169 0.274  0.255 0.233 

M12 0.986 1.305 5.517 0.068 0.726 8.031 

M21 2.314 1.954 1.018 0.466 1.244 1.113 

m12 1.159 0.874 0.995 0.032 0.673 8.999 

m21 0.388 0.149 0.283 0.609 1.155 14.495 

me12  0.138 0.323 0.606 0.782  

me21  3.125 3.113 1.935 4.084  

Theta 2,088.593 765.054 363.001 643.725 553.133 1,345.138 
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Figure 9. Number of migrants per generation (i.e. one year) as estimated by dadi for A) Lepetodrilus 
atlanticus and B) Peltospira smaragdina species. NB: these parameters are converted values (number 
of migrants here = mij*bi*nui/2) and thus depends on other estimated values (nui, bi). The information 
they give may differ from the information translated by unconverted values shown in Table 6. 

Vent shrimps 

Previous work on both mitochondrial and nuclear (microsatellites) markers clearly gave support to a 
lack of spatial structure at the scale of the Mid-Atlantic Ridge, with no genetic differentiation between 
the investigated populations of Rimicaris exoculata (including samples from the south of the MAR, 
Teixeira et al. 2012). Our results, using ddRAD sequencing and SNPs datasets (n= 1,808 for R. exoculata, 
n= 2,844 for R. chacei) confirmed the lack of geographical barriers to gene flow for R. exoculata and 
evidenced a similar pattern for R. chacei (Figure 11A & B). All individuals of each species grouped 
together in the multivariate analyses with a low percentage of variance explained by the two first axes 
(Figure 11). F-statistics were not significantly different from zero and clearly indicated that shrimps are 
able to freely migrate as larvae, adults or both between vent sites at the ridge scale (i.e. over > 3,000 
km). In contrast, a slight and significant geographic structure was observed between R. chacei (Mid-
Atlantic Ridge) and R. hybisae (Caiman Ridge in the Caribbean Sea) (Figure 12). Although genetically 
differentiated at this greater spatial scale, the genetic data obtained at the genome scale confirmed 
that they probably belong to the same species despite their morphological differences (highly 
pronounced cephalothorax enlargement due to epibiosis in the specific case of R. hybisae), as 
previously suggested by Methou et al. (2023) using the mitochondrial marker Cox1. 
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Figure 10. PCA graph with a SNPs dataset (1,040 bi-allelic loci) for Rimicaris exoculata with no genetic 
differentiation of individuals (one single panmictic group) along the whole MAR. 

 
Figure 11. PCA graph on the shared SNP dataset (2,381 bi-allelic loci) between Rimicaris chacei sampled 
along the Mid-Atlantic Ridge and Rimicaris hybisae (Rhyb: in green) sampled on the Cayman Ridge at 
the Beebe site. Genetic divergence between the two shrimp species is within the expected genetic 
variation found within a given species (less than 1% of genetic differentiation) but R. chacei populations 
are not differentiated along the North MAR. 
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A. R. chacei/hybisae - DivMigrate (Gst-based gene flow) 

 

 

B. R. chacei/hybisae - dadi (present-day gene flow following SC model) 

Figure 12. Past-to-recent dispersal pathways obtained from the vent shrimp complex of species R. 
chacei/R. hybisae using both the DivMigrate (A) and dadi (B) software. The population model selected 
by dadi (best fit to the genomic data) is the secondary contact (SC) model with a recent TSC. 
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Since R. chacei and R. hybisae fall within the same species with the existence of a slight but significant 
geographic structure, these two morphological/geographic forms of the same species were grouped 
together to better understand the demographic history of this polymorphic (highly developed vs 
restricted cephalothoracic epibioses) species, and the relationship between the MAR and Cayman Ridge 
populations. The direction and strength of gene flows between the main shrimp populations were 
obtained using both DivMigrate and dadi with 2,381 bi-allelic loci (SNPs) to have a better idea of past 
and present-days exchanges between these two disjunct ridges and presented in Figure 13. 
Interestingly, patterns of gene flow obtained using the two methods were not congruent with a past-
to-recent flow clearly oriented from the Caribbean Sea to the southern part of the MAR (DivMigrate, 
Figure 13A) and a much more recent flow (following a secondary contact: SC model) secondarily 
oriented from the northern part of MAR to the Caribbean Sea.  

Vent mussels 

A first analysis was performed on the four geographic mitochondrial lineages of the Atlantic vent 
mussels that presently belong to the previously described species Bathymodiolus azoricus and B. 
puteoserpentis. These mussel populations form geographic isolates along the Mid-Atlantic Ridge at the 
locations 35-37°N (B. azoricus), 14-26°N (B. puteoserpentis sensu stricto), 5°S (B. puteoserpentis-like) 
and 9°S (B. azoricus-like) (Van der Heijden et al. 2012) with a well-described hybrid zone between the 
two former species localised near the site Broken Spur at 29°N/MAR. This analysis was performed in 
collaboration with C. Borowski (MPI Bremen) on polymorphic sequences of 10 nuclear (gene) markers 
(see Faure et al. 2009) and the mitochondrial gene Cox1 using the software IMa3 (Figure 14). Results 
showed that the mussel populations form a continuum of hybridisation along the MAR between the 
two most geographic extremes, with at least two secondary tension zones occurring between them. 

For the vent mussels, gene flow was mainly oriented southward down to the Equator (from the Azorean 
triple junction to Logachev (14°N) and Logachev to Golden Valley (5°S) with subsequent allele 
introgression from B. azoricus in B. puteoserpentis (with the presence of a hybrid zone at Broken Spur, 
29°N) and the expansion of B. puteoserpentis further south (Figure 15). The direction of gene flow was 
northward was mirroring this in the southern Atlantic with southward migration and the formation of 
a second hybrid zone near 5°S, the Golden Valley mussel population at this site receiving foreign alleles 
both from Logachev (14°N) and Lilliput (9°S). The highest possible population splitting time (T1) 
between B. puteoserpentis and the mussel population from 5°S was estimated to occur about 1.7 Mya 
(Figure 14) with episodic migration events between them. The population model of secondary contact 
still needs to be tested using dadi and our newly gained RADseq datasets obtained from the mussel 
populations of Lilliput (9°S) and Golden Valley (5°S) again in collaboration with C. Borowski (MPI 
Bremen). 

The hybrid zone of Broken Spur (29°N) was then better characterised using a RADseq dataset (1,800 bi-
allelic loci, 4,251 SNPs) obtained from B. azoricus and B. puteoserpentis populations (Lucky Strike, 
Menez Gwen, Rainbow, Snake Pit and Logachev) taking advantage of new adults and young mussel 
settlers collected at Broken Spur in 2018. The PCA clearly showed the clear separation of B. azoricus 
and B. puteoserpentis on the first axis (with 63.6% of the genetic variance explained by this axis: Figure 
16). The analysis also showed that some individuals from Snake Pit and nearly all individuals of Broken 
Spur are intermediate between the two species, but some differences exist between adults and young 
settlers. Most of intermediate adults are closer to B. puteoserpentis or ‘pure’ B. puteoserpentis whereas 
intermediate settlers are either closer to B. puteoserpentis or ‘pure’ B. azoricus. This finding was 
confirmed by the Admixture analysis (Structure 2.3.4 with K=2: Figure 16) in which the young settlers 
sampled at Broken spur were all F2 hybrids with the exception of three ‘pure’ azoricus whereas most 
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of the adults were either ‘pure’ puteoserpentis, F2 or introgressed individuals with a ‘puteoserpentis’ 
genetic background. 

The origin of the three ‘pure’ azoricus postlarvae that settled at the basis of the vent chimney named 
‘abondance’ in the Broken Spur vent field was traced back from 20,402 bi-allelic loci using a DAPC 
approach on B. azoricus populations only. The analysis clearly showed that these three settlers were 
genetically different from the populations sampled at the triple Azorean junction (i.e. Menez Gwen, 
Lucky Strike and Rainbow), indicating that they have been produced elsewhere on the Mid-Atlantic 
Ridge. 
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Figure 13. IMa3 estimates for (A) population splitting times, (B) population sizes and (C) migration rates 
for the four mitochondrial lineages of vent mussels with pop0=Golden Valley (5°S), pop1= azoricus 
(35°N), pop2= Lilliput (9°S) and pop3= puteoserpentis (14°N) and the mt genome reference Newick tree: 
(((0,3),2),1) 

 
Figure 14. Past-to-recent dispersal pathways obtained from the vent mussel complex of species B. 
azoricus/B. puteoserpentis using the IMa3 software. 
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A 

 

B 

 

Figure 15. Genetic structure of the vent mussels along the Mid-Atlantic Ridge. (A) PCA and (B) Admixture 
analysis (Structure 2.3.4. With K=2) performed on the SNPs dataset of Bathymodiolus azoricus and B. 
puteoserpentis focusing on the hybrid zone located at Broken Spur (29°N). 

Deep-sea corals 

The first results presented in this deliverable were obtained between August and November 2023 and 
focussed on the European margins. Additional data from US and Brazilian coasts were and are still under 
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analyses as the raw sequencing results arrived only in late August to early September 2023. Whole 
genome sequencing requires detailed and time-consuming bioinformatic work, followed by biostatistics 
analyses on a calculation cluster with much script development. Thus, only preliminary results were 
available for this report, showing that corals from those areas represent different divergent OTUs (see 
Results and Discussion sections).  

Filtered dataset 

So far, only D. pertusum and M. oculata (.vcf) files have been filtered for several quality threshold and 
missingness (individual and SNPs) to minimise the effect of low-quality variant and missing data, then 
variants were kept with a minimal distance of 1,000 base pair between them. This resulted on a VCF 
with 360,391 variants for 53 D. pertusum samples and 348,847 variants for 71 M. oculata samples for 
the European dataset. The remaining part of the dataset is still under bioinformatic analysis. 

An additional effort is provided in this revision, where most recent data from US and Brazilian margins 
for both species are now added to the datasets, resulting in 28 and 3 samples for D. pertusum and M. 
oculata respectively for the South Atlantic (Brazil), 22 and 6 for the West Atlantic (US margins) and 5 
samples of M. oculata from the Pacific Ocean.  

Identification of cryptic species and geographic patterns of dispersal 

Exploratory analyses of the deep cold-water coral population structure revealed highly contrasting 
patterns between the species D. pertusum and M. oculata.  

D. pertusum 

The genomic data analyses of D. pertusum revealed population structures that can be divided into three 
genetic groups along the coasts of Europe. In the European group, the spatial composition consists of 
(i) a Mediterranean lineage (referred to as MED), (ii) a Lusitanian lineage (MID), which includes samples 
from the Azores, the Bay of Biscay, and some individuals of the Celtic Sea and Iceland, and (iii) a third 
and last boreal lineage (NORTH) consisting of individuals from Iceland, the Celtic Sea and the North Sea 
(Sweden and Norway) (Figure 17a, b). These analyses highlight that the Bay of Biscay, the Celtic Sea and 
the Iceland represent a tripartite transition zone between the MED, the Azores archipelagos and NORTH 
lineages with numerous admixed individuals if not all sampled ones in the MID area (Figure 17b, c). 
Furthermore, most analyses demonstrated a considerable genetic resemblance between the North and 
MED lineages, while the MID lineage is somewhat more divergent (Figure 18) with net divergence (Da) 
values up to 0.0045. The Treemix and f3 statistics analyses do not show any substantial gene flow 
between these lineages. However, demogenetic inferences using moments with the most suitable 
models IM and SC clearly indicated that a nearly one directional gene flow oriented from the 
Mediterranean Sea (MED lineage) and the North Sea/Arctic Sea (NORTH lineage) toward the Bay of 
Biscay/Celtic Sea to compose the MID group (Figure 19). These inferences are still preliminary and 
further inferences need to be performed with these models and including the simulation of genomic 
heterogeneity. Fis estimates obtained for each locality and each lineage were nearly all significantly 
negative, possibly due to the clonal effect, by generating inbreeding signal.  

Additional preliminary results on a pan-Atlantic scale show a clear signal of geographical differentiation 
in three major genetic lineages, the first comprising all samples from the South Atlantic, the second 
those from the North West Atlantic (US margins) and the last comprising samples from Europe (Figure 
21a). In addition, genetic structure is also observed within North Atlantic lineages (Figure 21a, b, c). The 
first is between the Canaveral and Gulf of Mexico/Norfolk Canyon samples (Figure 21a, b). The second 
split is that observed within Europe with the three lineages presented in the previous paragraph (Figure 
21b, c). 
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M. oculata 

For M. oculata, genetic analyses also revealed highly structured and differentiated lineages along 
European coasts (Figure 20a, b) but the level of divergence between these lineages was much more 
pronounced (Da ranged between 0.3-0.65: see Figure 21) supporting the existence of a species complex 
rather than a single species. This structure is made up of at least four major, highly divergent genetic 
lineages (Figures 20 & 21). The first and most divergent lineage encompasses populations from the 
Mediterranean Sea and the Bay of Cadiz. The second is found in the Bay of Biscay. The third is made up 
of individuals from the Azores archipelago, and some individuals from the Bay of Biscay and Brazil. 
Finally, the last lineage groups most of the northern localities, the Celtic Sea, Iceland and individuals 
from the southern part of the Azores (Meteor area). Within this lineage structure, a sub-structuring is 
also observed at the scale of localities (Figure 20 a, b, c). Additionally, Treemix and f3 analyses revealed 
that the Celtic Sea should represent a mixing zone between Iceland (lineage 3) and the Bay of Biscay 
(lineage 2). Such an observation also held for the individuals sampled in the Bay of Cadiz where admixed 
individuals between the Mediterranean lineage 1 and lineage 2 from the Bay of Biscay were depicted. 
Fis estimates per locality were also mostly significant and negative, possibly due to inbreeding signal 
potentially from clonality when compared to sexual reproduction. 

Preliminary pan-Atlantic results on M. oculata plus additional samples from the Pacific Ocean showed 
different results compared to those observed for D. pertusum. Firstly, it is clearly identified that within 
the Atlantic Ocean, for the localities sampled, two very distinct genetic lineages are observed with no 
clear geographic congruency (Figure 22b, c, d & Figure 22a). The first observed lineage is that 
comprising the samples from the North-East Atlantic, presented previously, and a few samples from 
Brazil. The second observed line is composed of the remaining samples from Brazil grouping with those 
from the Gulf of Mexico and the Pacific Ocean. These two major lineages correspond to the two recently 
recognised distinct species, M. oculata and M. piresae sp. nov (Capel et al. 2023). 
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Figure 16. (a) Principal component analysis with the first two components for D. pertusum. Colour 
represents localities and each point represents an individual. (b) Identity-by-states (IBS) dendrogram or 
similarity between samples. Each leaf represents one individual. (c) Plots of admixture for K = 3, where 
individuals are clustered by localities. Each colour bar represents the proportion of the genetic ancestry 
for each of the inferred clusters. 

 

 

Figure 17. Heatmap and clustering of the estimated net nucleotide divergence (Da) between European 
lineages for D. pertusum. 
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Figure 18. Connectivity map obtained with the software Moments under the best population model of 
secondary contact. Gene flows are estimated in terms of number of migrants exchanged between three 
main geographic areas (Celtic Sea, Bay of Biscay and Mediterranean Sea) indicating the presence of two 
migration routes: one exporting larvae outside the Mediterranean Sea up to the Celtic Sea and the 
other one moving down from the Celtic Sea to the Bay of Biscay along the European continental margin.



 

 

Figure 19. (a) Principal component analysis with the first two components for M. oculata. Colour represents localities and each point represents an individual. (b) Identity-by-
states dendrogram or similarity between samples. Each leaf represents one individual. (c) Plots of admixture for K = 4 to 7, where individuals are clustered by localities. Each 
colour bar represents the proportion of the genetic ancestry for each of the inferred clusters. 
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Figure 20. Heatmap and clustering of the net nucleotide divergence (Da) between European margins geographic localities for M. oculata. 
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Figure 21. Principal component analysis (PCA) with first six components for D. pertusum with West (US margins) and South (Brazilian and South Africa) Atlantic samples. (A) Bar 
plot of the first 32 principal components and their proportion of variance explained. (B) PCA for the first two components. (C) PCA for the third and fourth components. (D) PCA 
for the fifth and sixth components. Colour represents localities and each point represents an individual. 
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Figure 22. Principal component analysis (PCA) with first six components for M. oculata with West (US margins), South (Brazilian) Atlantic and Pacific samples. (A) Bar plot of the 
first 32 principal components and their proportion of variance explained. (B) PCA for the first two components. (C) PCA for the third and fourth components. (D) PCA for the 
fifth and sixth components. Colour represents localities and each point represents an individual. 
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Figure 23. Dendrogram plots of genomic similarity between individual estimated with Identity By State (IBS) for M. oculata samples. (A) Colour represents localities. (B) Colour 
represents species. 



4. Discussion and conclusion 
For several decades, molecular data obtained on marine fauna have shown that it is often difficult to 
grasp the concept of biological species on the basis of morphological criteria alone. Species should be 
considered first and foremost as working hypotheses, especially when they are geographically 
widespread and have not been the subject of any cross-breeding experiments (Pante et al. 2015). To 
date, very few studies have assessed the degree of diversification of abyssal species using molecular 
approaches based on several genes, although some have shown the importance of depth and seabed 
topology in the diversification of certain taxa (Raupach et al. 2007, Castelin et al. 2012, Pante et al. 
2012, 2015, Ritchie et al. 2017, Chan et al. 2020, Mohrbeck et al. 2021). In the deep-sea, very few 
samples are available, and species biology is poorly understood and it is generally impossible to carry 
out in situ and in vivo experiments. 

 In this deliverable, we therefore propose for the first time an integrated genome-wide study of the 
genetic differentiation of several emblematic species of three fragmented deep-sea habitats - 
hydrothermal vents, cold seeps and cold-water coral reefs - to assess both species range and population 
connectivity within this range at the scale of the Atlantic Ocean. The present genomic data clearly 
indicate that most of morphological species fall into the grey zone of speciation and form cryptic species 
complexes that exchange more or less well with each other depending on their degree of genetic and 
geographic isolation (Roux et al. 2016). In such context, population connectivity is often difficult to trace 
back as physical barriers to dispersal may be at the same place where genetic barriers could also be 
positioned leading to complex gene histories possibly leading to a gradient of isolation and gene flow 
recovery due to secondary contact (Bierne et al. 2011). 

Deep sea is made up of collection of isolated genetic entities 

Our genetic analyses point toward a clear spatial segregation of nearly all deep-sea species under 
scrutiny at the scale of the North Atlantic, with the exception of the apparently unique and widely 
distributed population of Rimicaris exoculata. Those differentiated genetic entities span from well-
separated cryptic species in cold-water reef corals to geographic isolated populations, possibly evolving 
toward the formation of new species as observed for the vent and seep molluscs (Vrijenhoek et al. 
2009). In all cases, the genetic information that many of the species showed on the basis of 
morphological data as cosmopolitan are in fact cryptic species complexes or made up of a collection of 
populations that exchange very little due to physical barriers to dispersal, or even genetic barriers that 
formed during long-term isolation (Johnson et al. 2008, Plouviez et al. 2009, 2010, 2013, Breusing et al. 
2016, Matabos & Jollivet 2019, Tran Lu Y et al. 2023, Poitrimol et al. 2023). Analyses of genomic data 
and their coupling with larval dispersal simulations for some species show that deep-sea species are in 
general highly structured at the Atlantic scale if we exclude the atypical case of hydrothermal shrimps 
(Breusing et al. 2016, Portanier et al. in prep). Long-distance migratory flows, even if they clearly exist, 
are rare and do not ensure the demographic maintenance of local populations and their genetic re-
homogenisation at the species level. This fragmentation of species into more or less distinct genetic 
entities has major consequences for the management of their populations in the face of the many 
constraints currently being exerted by man (destruction of reefs by fishing) or planned for the future 
(deep-sea mining). In particular by combining potential and realised dispersal, one should allow to 
specify the most probable conditions of larval migration both in terms of positioning and effective 
duration in the water column (Breusing et al. 2016, 2023, Portanier et al. 2023). Partial genetic isolation 
of deep-sea species populations however is also a formidable means of tracing past and present 
migration routes by studying the demographic history of species (preferred routes and directions of 
flow, isolation with past migration or secondary reconnection with present gene flow).  
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In the seep mussel populations, genomic data clearly supports the view of two pairs of closely-related 
species in the genera Bathymodiolus and Gigantidas with rare long-distance migration events across 
both the Caribbean Sea and/or the Atlantic Equatorial belt (Portanier et al. 2023). This finding agrees 
with the previous description of the morphological species B. heckerae and B. boomerang on one hand, 
and G. childressi and G. mauritanicus, on the other hand, that diverged prior to the closing of the 
Panama Seaway before secondarily meeting around 2 Mya (Portanier et al. 2023). Despite this 
divergence (quite similar between the two pairs of species) and some possible genetic incompatibilities, 
the fact that we were able to pick up several F1/F2 hybrids between the Barbados, Gulf of Mexico and 
the Northeast US Canyons clearly indicate that mussels are able to widely disperse across the Caribbean 
Sea with the settlement of long-distance dispersers at some locations (North East US Canyons, African 
coasts) that were able to hybridise with local individuals recently (within one or two generation times). 

In hydrothermal vent mussels and gastropods, a strong genetic differentiation of populations was also 
observed leading to different genetic groups and very low estimates of gene flow between them. Such 
a situation was previously depicted for the vent mussels with the presence of two distinct 
morphological species (B. azoricus and B. puteoserpentis), which were still able to interact through a 
hybrid zone located at the Broken Spur vent field (29°N) (O’Mullan et al. 2001, Faure et al. 2009). Two 
additional OTUs were also found in the South Mid-Atlantic Ridge at 5° and 9°S by sequencing their 
mitochondrial DNA (Van der Heijden et al. 2012), suggesting that, despite a long larval pelagic duration 
assumed to occur in the surface waters, vent mussels are also in the grey zone of speciation and could 
represent a complex of closely related species. We found that this complex of mussel species forms 
geographically isolated populations that separated between 1.7 and 2.5 million years ago, but continue 
to exchange locally due to the co-occurrence of two hybrid (tension) zones located on either side of the 
Russian-French mining exploration zones. These new data suggest that these two highly faulted and 
offset portions of the ridge represent zones of restricted migration. The same situation seems to occur 
for the vent gastropods P. smaragdina and L. atlanticus, for which genetic data undeniably indicate that 
population connectivity is low or null at the scale of the ridge even if secondary contacts are likely to 
explain some punctual exchanges in the same area of restricted migration (between Rainbow and 
Broken Spur for P. smaragdina). Resilience of these species may be low in the face of mining activities, 
since low effective migration can be enhanced with mining between 26 and 36°N and may result in the 
absence of the rescue effect after disturbances. The exploitation of polymetallic sulphides may indeed 
cause biodiversity and habitat loss for numerous species, changes in seafloor shape and sediment 
texture, deviation of hydrothermal fluids, creation of sediment plumes, noise and light pollution (Van 
Dover 2011, Ramirez-Llodra et al. 2011, Gollner et al. 2017). All these factors may in turn have impacts 
on larvae circulation and resilience of species (Levin et al. 2016, Morato et al. 2020). Connectivity and 
the degree to which populations are exchanging migrants thus need to be accounted for in the design 
of protected areas (Balbar & Metaxas 2019) and in the authorisation of mining exploitation. Isolated 
populations (e.g. Moytirra for P. smaragdina, or 5°S and Broken Spur for L. atlanticus) may not be able 
to recover from disturbances caused by mining and should be managed independently. The fact that 
nearly all retained models were however SC models may suggest that populations previously isolated 
are being reconnected to some extent. The initial isolation may be the result of physical barriers to gene 
flow such as fracture zones or large areas of less venting activity. For instance, the Azorean triple 
junction point or the Kurchatov and Pico fracture zones may represent topographic impediments to 
gene flow between Moytirra and Lucky Strike populations for P. smaragdina. Similarly, the 
Oceanographers, Atlantis or Hayes fracture zones may represent physical barriers between Rainbow 
and Broken Spur, for B. azoricus, P. smaragdina and L. atlanticus. The co-occurrence of the Vema or 
Romanche fracture zones can also explain the genetic break observed for L. atlanticus between the 
northernmost and the southernmost parts of the ridge, which coincide with the break observed 
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between B. puteoserpentis and the south MAR Bathymodiolus species and the presence of a hybrid 
zone at 5°S (Van der Heijden et al. 2012, Breusing et al. 2016, present data).  

The population genomics study on two emblematic cold-water coral species on the European margin 
also provides new information on their phylogeography, and strikingly on their taxonomy as they are in 
fact a complex of several distinct species hitherto not recognised as distinct base on their morphology. 
First, our analyses support the evidence of three genetic lineages along the European Atlantic margin 
and the Mediterranean Sea. Madrepora genomic analyses revealed some kind of parallelism of 
divergence, while being much more pronounced. Firstly, it appears that M. oculata reefs along the 
European coast shelter a complex of distinct cryptic species and preliminary analyses clearly show that 
this is also the case at a wider scale, where two already recognised species co-exist within localities in 
Brazil, and North West Atlantic (US margins) samples of M. oculata are probably actually M. piresae sp. 
nov (Capel et al., 2023). The addition of more samples from the Pacific Ocean suggests the existence of 
another divergent lineage of this newly described Madrepora species.  

The case of D. pertusum is a bit different, as a clear structure is observed on the Atlantic scale, but 
genomic divergence is less strong than the one observed on the European scale for M. oculata, 
suggesting D. pertusum may still be considered as encompassing very differentiated or isolated 
populations across the Mediterranean and Atlantic.  

The levels of divergence for Madrepora are well above those typifying the grey zone of speciation in 
animals (Roux et al. 2016). These major results are consistent with previous results obtained by Boavida 
et al. (2019) where the population structure and differentiation estimated between Madrepora 
lineages was important. The most divergent cryptic lineages appear to be those from the 
Mediterranean, extending as far as the Bay of Cádiz at the entrance to the Mediterranean on the 
Atlantic side. The North-East Atlantic lineages are slightly less divergent but remains still too divergent 
to be simply considered as isolated populations of a single species (Roux et al. 2016). The other localities 
and lineages show clear divergence and differentiation, with the exception of the Bay of Biscay. This 
latter locality shelters a mosaic of genetic lineages, with one dominant lineage and a few individuals 
with a distinct genetic signature otherwise retrieved in the Azores. We therefore showed that the 
species M. oculata, currently considered to be a single morphological species across the European 
margin, is in fact a highly divergent cryptic species complex. This partition of morphological cold-water 
coral species has therefore strong implications in terms of species conservation, management and 
connectivity, revealing the need to re-evaluate dispersal patterns across the scale of each genetic 
entity. The impressive and remarkable mosaic of cryptic species for Madrepora at restricted regional 
scale, also provides evidence for a complex phylogeographic history of species as the result of past 
climatic events (i.e. glacial episodes with several refugia), highlighting the need to re-evaluate habitat 
suitability and dispersal models. Although counter-intuitive, this juxtaposition of divergent Madrepora 
lineages along the European margin could indicate that this later species was able to recolonise the 
North-East Atlantic Ocean more rapidly than Desmophyllum, would these corals have shared the same 
glacial refugia. 

Pathways of migration and connectivity maps 

Our genomic analyses were used to produce both past and present-day connectivity maps in order to 
better highlight the main dispersal corridors for this specific benthic fauna. These data will be valuable 
in the conservation biology of species from highly fragmented deep-sea environments and their 
putative evolution in the face of deep-sea mining and global warming with its associated modification 
of the oceanic circulation. In particular by combining potential and realised dispersal, we can now better 
specify the most probable conditions of larval migration both in terms of positioning and effective 
duration in the water column. Nearly all genomic datasets fitted a secondary contact population model 
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allowing us to estimate recent to contemporary gene flows using the dadi/moments software. Results 
obtained from these methods were not always in agreement with those estimated using DivMigrate, 
suggesting that some patterns of connectivity may have changed with time. DivMigrate produced 
oriented Fst-based gene flows that are the result of migrant exchanges over a more integrated period 
of time. In this respect, maps bear the imprint of the most recent part of the species' dispersal history, 
which often dates back to the last glacial maximum.  

For seep mussels, they clearly indicate colonisation patterns from the Caribbean Sea and the Gulf of 
Mexico to the Northeast US canyons with some rare but past genetic (mitochondrial) exchanges across 
the Atlantic (Portanier et al. 2023). This finding agreed with the clear spatial segregation of mussel 
populations at the scale of the North Atlantic and the co-existence of two pairs of geographic mussel 
species that diverged prior to the closing of the Panama Seaway (Atlantic outflow in the Pacific) but met 
again after this closing two to three Mya following the newly emerged Atlantic circulation (beginning 
of the AMOC reinforcement, 4.5 Mya: Haug & Tiedemann 1998). Rare long-distance migration events 
clearly occur nowadays across the Caribbean Sea for both seep mussels Gigantidas and Bathymodiolus 
and were validated by the finding of F1/F2 hybrids along the Northeast US coast. Present-days long-
distance migration was however not validated by the genomic data along the Atlantic Equatorial belt in 
contrast to the expectations of the larval dispersal simulations done along the South American coast in 
which trans-Atlantic larval transportations by surface waters were strong and able to reach the African 
coast (Portanier et al. 2023). As G. childressi larvae have been collected in the first 200 m depth 
(Arellano et al. 2011), this could be explained by the sea surface temperature which may be too high 
for the survival of mussel larvae above the thermocline at the Equator as sensitivity to temperature 
may be great for larvae of abyssal species (Tyler & Dixon 2000, Arellano et al. 2014). However, larvae 
may stay for a restricted proportion of their PLD in surface waters with a possible long period of descent 
that needs to be adjusted in larval dispersal models. 

For the species complex of vent shrimp hybisae/chacei, DivMigrate flows are also clearly oriented from 
the Caribbean Sea to the Mid-Atlantic Ridge suggesting a recent colonisation of the MAR sites by R. 
hybisae. Unlike R. chacei, R. hybisae, initially described from the Caiman Ridge, forms swarms around 
‘black smoker’ chimneys and represents the ecological analogous of the MAR shrimp R. exoculata, with 
an enlarged cephalothorax bearing a well-developed Campylobacteria epibiosis (Nye et al. 2012, 
Versteegh et al. 2023). The unexpected genomic finding that R. hybisae and R. chacei belong to the 
same species may explain why R. chacei, present on MAR sites, has a reduced cephalothoracic epibiosis 
and failed to occupy the ecological niche presently associated with the other shrimp species R. 
exoculata (Methou et al. 2020, 2023). If recent, the arrival of R. hybisae to become R. chacei on the 
MAR vent sites may have indeed forced this species to adapt to new vent conditions at the base of the 
vent edifices where venting is less strong and diffuse because of its trophic competition with R. 
exoculata: an ecological situation that remains to be tested. Analysing the genetic structure of the 
species complex hybisae/chacei as a single species indicated that, despite massive exchanges between 
populations, the main present-days flow is northward, feeding vent sites of the Azorean triple junction, 
from where a significant proportion of juveniles are likely to return to the Caiman Ridge in the Caribbean 
Sea. Such a coupling between the Mid-Atlantic Ridge and the Cayman Ridge is however interesting as 
it may explain why most of the large chacei juvenile populations are collapsing at TAG and Snake Pit 
with the presence of very few reproductive adults in the vicinity of ‘black smoker’ chimneys (Methou 
et al. 2023). The presence of massive populations of R. chacei juveniles at TAG, Snake Pit or Broken spur 
that could then migrate elsewhere to swarms at vents where R. exoculata is absent could represent a 
strong argument to protect these zones from deep-sea mining.  
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Conversely, the main flow direction along the Mid-Atlantic Ridge is southward for both the vent mussels 
and the vent gastropods (Faure et al. 2009, Breusing et al. 2016, Portanier et al. in prep, present study). 
Genetic exchanges appear to be very low if not null between populations of vent gastropods, suggesting 
that dispersal strategies should greatly differ between vent species. The southward direction of gene 
flow suggest that gastropods may use intermediate waters to disperse. However, even if to a lower 
extent, gene flow estimates were not null in the northward direction. This was particularly true for P. 
smaragdina, for which a hybrid zone with F1/F2 hybrids and the two parental types were found at the 
Rainbow site. The formation of a tension zone (as opposed to the mosaic hybrid zone found in Mytilus 
edulis/M. galloprovincialis: Bierne et al. 2003) is often indicative of a stepping-stone model of 
colonisation, within which hybrids are often positioned in the area of less migration (Bierne et al. 2011). 
This can suggest that larvae may be constrained to travel with deeper currents close to the bottom and 
not in shallow waters: a situation more likely expected for the vent mussels. It is noteworthy that 
genetic structure was lower and gene flow estimates higher for P. smaragdina than for L. atlanticus. 
This is surprising since L. atlanticus was expected to have a longer PLD thanks to a planktotrophic larval 
development while P. smaragdina larvae are hypothesised to have a lecithotrophic development (Lutz 
et al. 1986, Matabos & Thiébault 2010, Matabos & Jollivet 2019). Differences in the number of larvae 
produced (fecundity), the proportion of larvae using upper and faster currents, or other factors may be 
responsible of such an observation. One hypothesis may be that a higher proportion of P. smaragdina 
larvae are using intermediate currents than what occur for L. atlanticus.  

In the cold-water coral reefs, analyses of whole genome data revealed unexpected and different 
patterns of dispersal along European coast. The two deep-water corals D. pertusum and M.oculata 
display indeed very different geographic architecture, suggesting different ways of dispersing, and 
confirm previous studies done with mitochondrial markers and microsatellites (Le Goff-Vitry et al. 2004, 
Boavida et al. 2019). At a first glance, M. oculata clearly represent a mosaic of assemblages formed by 
several divergent cryptic species that superimpose at some locations such as the Bay of Biscay and the 
Azorean archipelago. Although estimating migration events between M. oculata populations was not 
possible with our present sample sizes and the diversification of this complex of cryptic species, the co-
occurrence of several genetic lineages along the continental slope may be an indication of rapid 
population expansions from several glacial refugia that led to a fast recolonisation event in this area. 
Such mosaic of cryptic species may be therefore the reflection of some propensity to disperse over a 
much more important geographic range. However, this mosaic of lineages has been only observed in 
the Bay of Biscay, suggesting that despite this possible propensity to disperse, these lineages still remain 
mainly geographically segregated. By contrast, D. pertusum is also sub-divided in less divergent genetic 
units, but these groups or populations are more geographically segregated. The presence of three 
genetic lineages (MED, MID and NORTH) could be explained also by a complex phylogeographic history, 
with the existence of an ancestral lineage of the MED and NORTH lineages along the European coasts: 
the Mediterranean lineage indeed shares more genetic background with the NORTH lineage than the 
MID. This ancestral lineage was likely isolated by the last glacial maximum (LGM) along the European 
coasts. After the LGM, another and more divergent genetic lineage (MID) may have recolonised the Bay 
of Biscay from the South, possibly with the reinforcement of the AMOC. This third lineage possibly 
originating from off the Atlantic coast of Africa was able to secondarily come into contact with the 
NORTH lineage at the level of the Celtic Sea. This scenario could explain both the polymorphism shared 
by the MED and NORTH lineages and their isolation and divergence with the MID lineage. Nevertheless, 
additional samples and more detailed analyses are needed to draw conclusions about these possible 
hypotheses. A demo-genetic analysis, although tricky using moments, was however done by assigning 
individuals to these three genetic groups and pointed to a strong northward flow from the 
Mediterranean Sea to the Celtic Sea, in line with the Mediterranean Outflow water, suggesting that 
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Mediterranean and the NORTH populations may share genomic background still unsorted by the 
genetic drift (e.g. with no clear dichotomy in a phylogenetic reconstruction) in the face of migration. 
Gene flows out of the Mediterranean Sea should therefore indicate that D. pertusum larvae are 
probably not transported by surface water-masses. This finding fully agrees with the study done by 
Henry et al. (2014) who, using elemental fingerprints in fossil records, the sediment archive of the 
AMOC strength and historic gene flow, postulated that the cold-water reef coral D. pertusum had a 
rapid post glacial range expansion along the European continental slope fuelled by the Mediterranean 
Outflow Water after the Younger Dryas 11.6 kyr ago. 

In terms of population connectivity, these preliminary results suggest limited exchanges between the 
three geographic groups of D. pertusum. First, it appears that the MED lineage is isolated from the two 
others, while MID and NORTH are found to live in sympatry at few localities off the Ireland coast. 
Additionally distinct clonal colonies found in the dataset and Fis estimation revealed that clonal 
reproduction is possibly non-negligible as suggested by the modelling of Stoeckel et al. (2021). While 
our results and study provide some strong evidence of restricted dispersal, data are still currently 
analysed to better contain dispersal corridors. On the one hand, the genomic results obtained for D. 
pertusum suggest that a non-negligible fraction of shared polymorphism is retained between lineages 
even after being isolated prior to the last glacial episodes, potentially due to the effect of clonality. On 
the other hand, they also show that these lineages possibly found in sympatry, are not able to exchange 
much of their genetic background as could be expected in the absence of reproductive incompatibility 
(at least partial).  

Although pan-Atlantic analyses are only preliminary, it seems that the D. pertusum phylogeographic 
pattern of differentiation of the three major lineages (South, West, East Atlantic) could be related to 
the AMOC, where West Atlantic localities are closer genetically to each other than to the East (the 
European margin). On the other hand, for M. oculata, it is much more difficult to interpret data due to 
the existence of highly divergent genetic lineages and cryptic species at different geographic scales 
(oceanic and regional), leaving an incomplete sampling to assess connectivity among conspecific 
populations. 

In conclusion, the patterns of connectivity of Atlantic abyssal species, whether migration occurred in 
the recent past of populations or is more contemporary, seem to correspond to the general trend of 
water masses circulation in the Atlantic (Gary et al. 2020, Biastoch et al. 2021), whatever the deep-sea 
habitat studied (hydrothermal vents, seeps, reefs on continental slopes). As far as species from deep 
hydrothermal vents are concerned, migratory flows are mainly directed southwards in the North 
Atlantic and probably in the opposite direction in the South Atlantic, at least for the vent bathymodiolins 
following the general circulation pattern of the North Atlantic drift (Biastoch et al. 2021). Following this 
trend, it is therefore quite possible that most of the larvae are not necessarily transported in surface 
waters but rather entrained in the sinking vein of AMOC waters located along the Mid-Atlantic Ridge as 
already shown by Breusing et al. (2016) and Yearsley et al. (2020) with dispersal restricted to tens to 
hundreds of kilometres: a situation clearly highlighted by the low levels of gene flow estimated here for 
nearly all species. The only exception to this rule is the hydrothermal vent shrimp, which tend to migrate 
in a northerly direction, with the chacei/hybisae species potentially returning to the Caribbean Sea, and 
therefore migrating against the Gulf Stream. This is contradictory to the cold seep mussels whose larvae 
seem to be transported from the Gulf of Mexico towards the North-eastern coast of United States. This 
oddity is probably explained by the active migratory behaviour of post-larvae or juvenile shrimp near 
the bottom, although the lack of genetic differentiation of their populations over the Mid-Atlantic Ridge 
prevents us from validating with certainty a particular direction of migration at this spatial scale. In cold-
seep mussels of the genera Bathymodiolus and Gigantidas, migration patterns clearly follow the North 
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Atlantic drift across the Caribbean Sea, confirming the hypothesis of larvae being driven towards the 
surface as proposed by Arellano et al. (2011, 2014) and Young et al. (2012). However, long-distance 
migrations seem to be rare and do not appear to be sufficiently effective in re-homogenising 
populations located on either side of the Caribbean Sea or the Atlantic Equatorial Belt. Such a 
hypothesis of restricted dispersal with rare long-range dispersal has been proposed by Benestan et al. 
(2021) to explain some discrepancies between population genetic analyses and larval dispersal 
modelling of several species in the Mediterranean Sea. In our specific case, demo-genetic models and 
the presence of F1/F2 hybrids on the North-East coast of the USA clearly support a recent history of 
secondary contacts. Having this in mind, it is also possible that crosses with long-distance recruits are 
strongly counter-selected by the establishment of genetic barriers during the period of isolation of 
these populations in allopatry during the last glaciations or, even dating back to the Isthmus of Panama 
closure about 2.8 Mya (O’Dea et al. 2016). This barrier to migration, whether physical (by the distance 
to be covered and/or the hydrodynamic regime encountered by larvae at the travelling depth) or 
genetic (emergence of genetic incompatibilities), appears to be even greater in deep-water corals, with 
the presence of highly divergent cryptic species. Even if larval dispersal modelling was likely to predict 
some possibility for trans-Atlantic migration for D. pertusum with realistic pelagic larval duration at the 
surface of the ocean (Gary et al. 2020), there may be genomic incompatibilities limiting the realised 
dispersal among those distinct lineages. In fact, in the particular case of cold-water corals, the notion 
of cosmopolitan species, as initially suggested by the morphological data, seems to be meaningless and 
raises questions about the scale of conservation measures in the absence of rescue effect, and the 
regional management of reefs in the face of global warming and deep trawling. 
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