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Deep ocean hydrothermal vent ecosystems face physical disturbances from naturally occurring volcanic and tectonic activities and are at increasing risk of mineral resource exploitation, raising concerns about the resilience of endemic biological communities. Following destructive events, efficient and rapidly applicable surveys of organisms are required to monitor the state, evolution and a possible return of these ecosystems to their original baseline status. In this study, we explored the environmental DNA (eDNA) approach as a tool (1) to assess biodiversity of benthic communities associated with deep-sea hard substrata and (2) tracked the recolonization dynamics of benthic invertebrate communities living on the Montségur edifice within the Lucky Strike vent field (Mid-Atlantic Ridge), after an induced disturbance that consisted of faunal clearance within experimental quadrats. Hard substratum samples were collected prior to and one year after the disturbance, for eDNA metabarcoding using one marker of the mitochondrial Cytochrome Oxidase I (COI) gene and three markers of the nuclear 18S ribosomal RNA (18S) gene. We also generated a DNA barcoding inventory that consisted of taxa physically collected from Montségur and morphologically identified. This inventory contained amplified barcodes from COI, 18S and the nuclear large subunit ribosomal RNA (28S) gene. The resulting sequence information from the COI and 18S were used for eDNA taxonomic assignment. The eDNA datasets uncovered a high diversity of metazoan OTUs, which included macro- and meiofauna common to Lucky Strike. Baseline data collected at the start of the experiment identified higher OTU richness at sites peripheral to the active edifice, as well as at inactive sites. One year following the initial disturbance, analysis of recolonization data found no statistical difference in presence/absence from baseline communities. The eDNA protocols provide a reproducible strategy to quickly assess biodiversity associated with deep sea hard substratum, enabling comparisons across various habitats. To follow recolonization dynamics at small spatial scales, however, we recommend an approach that uses both molecular and morphological-based traditional methods. Finally, we present original data on the “unseen” diversity of the fauna inhabiting the poorly studied inactive sites, locations that are targeted by commercial mining. Continued monitoring of these sites is currently ongoing and will bring new insight on recovery potential over time, with the ultimate goal of informing conservation and management decisions in relation to the protection of hydrothermal vent ecosystems.
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INTRODUCTION

Deep ocean hydrothermal vent ecosystems are dynamic and irregular habitats that experience severe environmental conditions, including a complete absence of sunlight, high hydrostatic pressures, wide variations in local temperatures, as well as toxic levels of sulfides and heavy metals (Johnson et al., 1988; Childress and Fisher, 1992; Tunnicliffe, 1992). Despite these harsh conditions, several species of benthic invertebrates exhibit physiological tolerances that allow them to successfully colonize vent habitats (Desbruyères et al., 2000). Vent communities are sustained by a complex trophic network, in which microorganisms serve as primary producers/consumers that harvest energy from the chemical compounds present within the hot fluids (up to 400°C) emitted from the seafloor (Karl et al., 1980; Baross and Hoffman, 1985; Tunnicliffe et al., 1997). This chemosynthetic activity drives thriving faunal communities that often consist of assemblages dominated by large symbiotic taxa such as mytilid mussels, siboglinid polychaetes and alvinocaridid shrimp (Tunnicliffe, 1991; Cuvelier et al., 2011a).

Communities living at active vents are often characterized as transitory, due to variations in environmental conditions caused by tectonic activity and sporadic volcanic eruptions (Lutz and Kennish, 1993; Butterfield et al., 1997). These naturally occurring disturbances can lead to the alteration of vent fluid chemistry, the reduction or sealing off of fluid emission and changes in the physical environment such as the collapse of sulfide edifices, thus greatly influencing community presence, composition and trophic dynamics (Tunnicliffe and Juniper, 1990; Sarrazin et al., 1997; Sarrazin and Juniper, 1999; Tsurumi, 2003; Kelly et al., 2007). Active vent ecosystems host high biomass of endemic organisms capable of coping with this unique environment as well as intermittent changes in fluid flow and oxygen access. Less active areas, such as sites peripheric to active vent edifices, as well as inactive sulfide mounds, are known to host lower densities and biomass as a result of less energy flow provided by hydrothermal output (Levin et al., 2016). Furthermore, active hydrothermal sediments are characterized by greater dominance and lower diversity relative to inactive background sediments (Vanreusel et al., 1997; Levin et al., 2009). Recovery of communities living at active vent sites after a disturbance is influenced by several factors. Among these are reproductive strategies, larval life histories and dispersal distances from nearby established assemblages, the presence of ideal substratum for settlement, biotic and abiotic chemical cues, as well as competition and predation levels (Mullineaux, 2000; Micheli et al., 2002; Mullineaux et al., 2003; Hunt et al., 2004; Kelly et al., 2007; Cuvelier et al., 2014).

While the most common disturbance experienced at vents originates from tectonic and volcanic events, human activities have increasingly emerged as additional sources of perturbation (Ramirez-Llodra et al., 2011). These activities range from having no measurable impact, such as photo surveys, to those having substantial impacts, such as drilling, trawling and mineral extraction (Van Dover, 2014). Mineral mining of deep-sea resources, notably seafloor massive sulfides (SMS), is one such activity with the potential for substantial destruction of vent habitats. SMS form by rapid mineral precipitation from overheated vent fluids as they are ejected from the seafloor and interact with cooler ambient seawater (Fisher et al., 2007; Rona, 2008; Boschen et al., 2013). The resulting deposits exist in active or inactive zones and can take hundreds of years to form high concentrations of lead, zinc, copper, cobalt, gold and silver; this consistency of some deposits make them economically valuable and of possible interest to prospecting companies (Krasnov et al., 1995; Hoagland et al., 2010; ISA, 2010; Boschen et al., 2013). While little is known regarding how commercial mineral extraction efforts would proceed at vents, collections of deposits will be similar to open-cut mining seen at land-based sites, with the extraction phase causing the removal of organisms, the loss of habitat, decreases in primary productivity and biodiversity, as well as extinctions of rare taxa, particularly at inactive locations where faunal communities are poorly known (Van Dover, 2011, 2014; Boschen et al., 2013; Gollner et al., 2017). The potential for mining deposits has therefore raised concerns about the future of benthic communities present at sites where SMS are found, as well as encouragement for continued investigations into the resilience of possibly impacted communities (Ramirez-Llodra et al., 2011; Mengerink et al., 2014; Gollner et al., 2017).

The Mid-Atlantic Ridge (MAR) vent system is one such region where unique geological features and geochemical attributes allow SMS formation (Hannington et al., 2011; Monecke et al., 2015). While slower-spreading and more stable compared to vents at Juan de Fuca ridge and East Pacific Rise, MAR systems may also experience occasional volcanic events (Humphris et al., 2002; Van Dover et al., 2002). So far, however, the scarcity of these events prevented the study of faunal recovery after natural disturbance, as was done along the East Pacific ridge systems (Shank et al., 1998; Mullineaux et al., 2010). One alternative approach to gain insights into colonization and recovery processes is the deployment of artificial substrata on the seafloor. At the Lucky Strike (LS) hydrothermal vent field along the MAR, such an experiment showed that after 2 years, vent activity and biological interactions were the most important structuring factors explaining meio- and macrofaunal colonization of newly available substrata (Cuvelier et al., 2014). The deployment of a separate set of experiments in the same area found that after only 9 months, different meiofaunal taxa had preferentially colonized one substratum or the other, but the 9 months time scale still supported hydrothermal activity as the prominent factor influencing community structure (Zeppilli et al., 2015). These studies suggest that colonization at LS can occur fairly rapidly, however, how quickly communities can return to their baseline status (recolonize) after a disturbance requires additional investigation (Mengerink et al., 2014; Van Dover, 2014).

The assessments of vent faunal colonization patterns based on the deployment of artificial substratum involves identification of settled fauna through video stream (only larger species) and/or physical taxa sorting (Hunt et al., 2004; Kelly et al., 2007; Gaudron et al., 2010; Cuvelier et al., 2014; Zeppilli et al., 2015). These strategies request extensive handling of collections and taxonomic expertise for identification, which can be difficult when working with early life stages or faunal remains. Furthermore, these methods may miss microscopic, rare or cryptic fauna possibly critical for interpreting community dynamics. In contrast, High-Throughput Sequencing technologies (HTS) have enabled the development of sensitive biodiversity surveys to allow the screening of bulk environmental samples (water, sediment, and other mass collections) containing a mix of genetic information from many organisms (“biodiversity soup,” Yu et al., 2012). DNA metabarcoding – the use of one or more genes to simultaneously identify taxa present within bulk samples (Coissac et al., 2012) – has already provided rapid and thorough assessments of entire communities, while revealing higher levels of diversity than physical sampling methods (Ji et al., 2013; Lindeque et al., 2013; Cowart et al., 2015; Leray and Knowlton, 2015). In particular, environmental samples containing free cells and nucleic acids released by organisms into their habitat (environmental DNA/RNA – eDNA/eRNA, Taberlet et al., 2012a; Barnes and Turner, 2016) have provided a comprehensive characterization of organisms from both past and contemporary assemblages and helped inform on the ecological trajectory of impacted communities (Hänfling et al., 2016; Valentini et al., 2016; Laroche et al., 2017, 2018). The relative inaccessibility of hydrothermal vents due to technological and logistical constraints and sampling difficulties makes eDNA metabarcoding monitoring particularly attractive for evaluating biodiversity and the recolonization of faunal communities. First, eDNA is often less destructive when compared to surveys that require animal collection (Thomsen and Willerslev, 2015); this is especially important when attempting to obtain data from newly established communities hosting early life stages. Secondly, eDNA is effective for recovering genetic signals of small, rare or transient taxa missed by physical collection or observational surveys (Thomsen et al., 2016; Valentini et al., 2016). This characteristic is useful within the deep-sea framework, where collections are done by remote mechanical manipulation that may overlook these “hidden” organisms.

In the present investigation, we explore eDNA as a method for assessing the diversity of deep-sea benthic communities living on hard substrata, as well as provide an early evaluation of the resilience of hydrothermal vent biological communities to a disturbance experiment by following the recolonization dynamics of benthic invertebrate communities at the LS vent field on the MAR. The experiment was carried out at 1,700 m depth along an environmental gradient that includes the Montségur active sulfide structure, a sedimentary site at its periphery (∼30 m) and an inactive site, approximately 400 m away from it. This experimental setting allowed us to monitor community recolonization on active sites, approximately 1 year after the induced disturbance. As there were no significant changes to fluid flow during the induced disturbance event, we primarily address the role of biotic processes on recolonization dynamics, which have been shown to be critical in structuring vent communities. We chose to perform eDNA metabarcoding of retrieved substratum to (1) provide a comprehensive overview of taxa (Operational Taxonomic Units – OTUs) present at experimental sites prior to and 1 year after the disturbance, (2) examine the possible impact of mobile predators on community re-establishment during this time period and (3) investigate how vent activity along an environmental gradient influences the structure of communities. We additionally provide protocols for eDNA collection and processing of hydrothermal sulfide remains, an inventory of taxa physically collected, morphologically identified and DNA barcoded for comparison against eDNA sequence data, as well as suggested improvements for future studies.



MATERIALS AND METHODS


Location of the Experiment

The LS hydrothermal vent field is located within a marine protected area along the MAR, southwest of the Azores Archipelago (Figure 1, top left, center). LS has a mean depth of 1,700 m and consists of three seamounts that surround a lava filled depression (“lava lake,” Barreyre et al., 2014). The vent field hosts over twenty active vent edifices, including Montségur situated in the southeastern sector of LS and encompassing an area of ∼384 m2 (Figure 1 top right, Langmuir et al., 1997; Ondréas et al., 2009; Barreyre et al., 2014). Montségur is a large active sulfide edifice surrounded by a large fissured slab through which diffused fluids expel. Samples were taken both on the structure itself and at its base on the seafloor. The site at the periphery is likely composed of a mixture of hydrothermal particles and surface material sediments. Finally, the inactive site, located approximately 400 m away from Montségur, is composed of indurated sulfides.
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FIGURE 1. (Top left) Location of the Lucky Strike vent field on the Mid-Atlantic Ridge, south of the Azores. (Top center) The 1 km2 Lucky Strike vent field with the Montségur edifice on the south-east. (Top right) View of the full in situ experiment on the Montségur hydrothermal edifice. (Bottom left) Experimental quadrat C1a_cg at the base of Montségur and Bathymodiolus assemblage, prior to clearance. (Bottom center) Experimental quadrat C1a_cg after clearance; the suction device (metal pipe) is shown at the top left corner of this panel. (Bottom right) Experimental quadrat that has been covered by pyramidal cage and a skirt in 2018. All quadrats measure 50 × 50 cm in size.


The Montségur edifice harbors a similar faunal composition to Eiffel Tower, another active but better studied vent edifice within LS (Figure 1, top center Cuvelier et al., 2011a, b). From this particular edifice, approximately 70 taxa are known, and conspicuous species include Bathymodiolus azoricus mussels, Mirocaris fortunata shrimp, Branchipolynoe seepensis and Amphisamytha lutzi polychaetes, as well as Lepetodrilus atlanticus and Protolira valvatoides gastropods (Sarrazin et al., 2015). These dominant macrofaunal species live in association with a variety of other organisms including those belonging to the meiofaunal compartment primarily composed of nematodes and copepods (Zeppilli et al., 2015; Plum et al., 2017). Two faunal assemblages were described in this area: the first is dominated by Bathymodiolus azoricus mussels that live in lower temperatures and chemical outputs, while exhibiting higher taxonomic diversity and densities. The second is dominated by Mirocaris fortunata shrimp that live in higher temperatures and chemical outputs, while exhibiting lower taxonomic diversity and densities (Desbruyères et al., 2000; Cuvelier et al., 2009, 2011a; Sarrazin et al., 2015).



Experiment Deployment and Sample Acquisition

The in situ experiment was deployed at LS during the Momarsat 2017 cruise that occurred in July 2017 on the R/V Pourquoi pas? using the ROV Victor6000, as part of the EMSO-Azores observatory annual maintenance. It consisted of ten quadrats sized 50 x 50 cm each, deployed on and at the base of Montségur in Bathymodiolus azoricus assemblages described previously (Figure 1, bottom left). Eight of these quadrats were positioned to study recolonization processes following faunal clearance after 1 year (C1) and 2 years (C2). Replicate samples for each year were denoted as “a” or “b” (Table 1). In addition, two quadrats were sampled the first year as reference (R) for comparison with experimental (C) quadrats. All 10 quadrats were placed at approximately 1,700 m depth and used to either observe natural succession patterns (reference) or passive recolonization of communities after disturbance (experimental).


TABLE 1. Details of each substratum sample obtained from the in situ experiment that was deployed on and at the base of the Montségur edifice, as well as at the peripheric and inactive habitats.

[image: Table 1]Prior to clearance, initial physical and chemical characterizations were done. Fauna was then removed/cleared from the experimental quadrats using the robotic arm and claw of Victor6000 to physically grab and scrub the animals from the hard substrata; animals were then placed in bioboxes (Figure 1, bottom center). This operation was followed by the use of a suction device to vacuum the remaining organisms within the quadrat. There were, however, animals remaining underneath some quadrats in small fractures, as access for removal was difficult (Figure 1). After clearance, quadrats underwent a final physico-chemical characterization of the bare substratum. To better evaluate the role of mobile predators on local recolonization, pyramidal structures encased in 1 cm plastic mesh were placed over specific quadrats denoted as “cg” for caged (Figure 1, bottom right). When possible, paired quadrats (caged and uncaged) were placed next to each other (Figure 1, top right). Upon arrival of the bioboxes onboard the ship and prior to faunal sorting, 9 – 10 g of substratum, debris and pebbles from each quadrat collection was immediately removed directly from the bioboxes using tweezers and spoons previously sterilized with 10% bleach solution. Each sample was then placed in sterile 50-ml centrifuge tubes and stored at −80°C until eDNA extraction could be carried out at the shore-based laboratory. Fauna remaining after substratum collection were preserved in 96° ethanol for further identification.

The Montségur experiment was re-visited 13 months later during the Momarsat 2018 cruise on the R/V L’Atalante, using the ROV Victor6000 to retrieve additional faunal and substratum samples. At this time, quadrats dedicated to the study of 1-year recolonization processes following disturbance (C1 experimental quadrats) were sampled (Table 1). To complement our experiment with baseline data from additional habitats, four new quadrats were deployed: two replicate samples were collected at 1,703 m depth in a sedimented peripheral area (denoted as “P”), located about 30 m away from Montségur, and two replicate samples were collected at 1,651 m depth on an inactive edifice (denoted as “I”) situated 400 m north of Montségur (Figure 1 top center and Table 1). In these areas, only the suction device was used to vacuum the substrata along with its fauna, collecting approximately 2.50 g of substratum for the peripheral sites and 9 – 10 g of substratum for inactive sites (Table 1). Onboard processing was conducted as stated above. For every quadrat visited in 2018, characterization of abiotic conditions and substratum sampling were performed following the same strategy and protocols as in 2017, yielding a total of 18 substratum samples across both years (Table 1).



DNA Extraction and Barcoding of Taxa

Individuals from each faunal group were identified on the basis of morphology to the lowest taxonomic group possible prior to DNA extraction, which was most frequently the species level. DNA from every individual was extracted separately for genetic confirmation of their putative morphological identities. Genomic DNA was extracted from the tissues of 1–12 individuals of each morphologically identified taxon, depending on the number of individuals available for processing. Extracted DNA was obtained from multiple individuals per taxonomic group, in an attempt to account for intraspecific diversity. DNA extractions occurred using either the CTAB method (Doyle, 1991) or the DNeasy Blood and Tissue kit (Qiagen, Hildren, Germany) following the manufacturer’s instructions. Negative control samples, containing only reagents, were included for each extraction series. Following extraction, an aliquot of each sample was electrophoresed on a 1 % agarose gel stained with ethidium bromide to visualize extract quality. Newly extracted DNA samples were stored at −20°C until end-point PCR amplification assays.

PCR assays were performed to amplify fragments of the mitochondrial gene Cytochrome Oxidase I (COI) and nuclear genes 28S large subunit ribosomal RNA (28S) and 18S small subunit ribosomal RNA (18S); each assay round included a negative control with molecular grade H2O instead of DNA extract and extraction negative controls to assess for potential contamination. Fragments of the COI gene were amplified using degenerate versions of Folmer’s primers (Folmer et al., 1994; Leray et al., 2013), while 28S gene regions D2D3 and D9D10 were amplified using primers from De Ley et al. (1999) and Machida and Knowlton (2012). For 18S, the V1V2, V7V8 and V9 regions were amplified using primers developed by Amaral-Zettler et al. (2009), Stoeck et al. (2010), Machida and Knowlton (2012), and Sinniger et al. (2016). All protocols, including PCR master mixes and cycling conditions for each gene region, are detailed in Supplementary Material S1. Prior to Sanger sequencing, all PCR products were electrophoresed as described above; none of the negative controls or extraction blanks showed evidence of contamination. PCR products showing evidence of amplification were sent to Eurofins/GATC Biotech or Macrogen where purification and sequencing reactions were performed using the ABI BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, United States) and read on an ABI 3730xl sequencer following the protocols supplied by the manufacturer. Resulting sequence chromatograms were visualized, assembled and edited using Geneious v.10.0.5 (Kearse et al., 2012). Finally, the NCBI blastn algorithm (Johnson et al., 2008) was used to match sequences to publicly available databases and determine their nearest identities at <98 – 100%; confirmed sequences were integrated into larger reference databases for the eventual matching to eDNA sequence data.



eDNA Extraction, Library Construction and Metabarcoding

Genomic DNA was extracted from up to 10 g of substrate from each of the 18 samples using the Qiagen PowerMax® Soil DNA Isolation kit following the manufacturer’s instructions. To reduce the risk of contamination, eDNA extractions were carried out under a Captair® bio BioCap DNA/RNA workstation (rlab, Rowley, MA, United States) with UV sterilization and filtered airflow. Tools and equipment were UV sterilized and washed with 50% bleach solution as per sterilization protocols suggested by Goldberg et al. (2016). Samples were manipulated using a newly purchased and dedicated set of pipettes fitted with filter tips to avoid cross-contamination. Negative extraction controls (no substratum, only reagents) and positive extraction controls (local shallow water sand collected at 0 m depth from Plage du Dellec, Plouzané, France) were included during each set of extractions to assess potential contamination (−) or confirm that the protocol was successful (+). Aliquots of extract were used to determine the concentration of each sample via the Qubit® dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, United States) prior to submission to MR DNA (Shallowater, TX, United States) for amplicon generation, library preparation and subsequent metabarcode sequencing. Positive controls contained measurable quantities of DNA; none of the seven negative controls showed evidence of contamination and were sent, along with the true eDNA samples, to MR DNA for amplicon sequencing.

Given the (1) extensiveness of the publicly available sequence databases for COI and 18S genes, (2) the ability of the COI and 18S primer sets to amplify across several taxa (“universality”) and (3) the short length of amplicons necessary for working with fragmented eDNA, primers amplifying 18S-V1V2 (350-bp), 18S-V4 (270-bp), 18S-V9 (130-bp), and COI (313-bp) were used for eDNA metabarcoding. PCR amplification was completed using the Qiagen HotStarTaq Plus Master Mix Kit, in a final volume of 25 μl. The final concentration for each reagent of the master mix was: 1.44 mM MgCl2, 192 μM of each dNTP, 0.25 μM for each primer, 0.8 units of HotStarTaq Plus DNA polymerase and 1 μl of each sample was added to the reaction. Additionally, assays were optimized by increasing the final concentration of MgCl2 to 1.64 mM, as well as adding a final concentration of 1.6 mg/ml bovine serum albumin (BSA). Each sample underwent cycling conditions as follows: 94°C for 3 min, followed by 28 cycles of 94°C for 30 s, 53°C for 40 s and 72°C for 1 min, finalizing an elongation step at 72°C for 5 min. Generated amplicons were used for the preparation of sequencing libraries by mixing all amplicon products from different samples in equal concentrations and purifying using Agencourt Ampure beads (Agencourt Bioscience Corporation, Beverly, MA, United States). The manufacturer’s recommendation of 100 ng (350-bp insert size) of the purified amplicon pool was used as input for the Illumina TruSeq DNA protocol. After library purification, the final concentration of the pooled library was calculated using the Qubit® dsDNA HS assay and diluted to 10 nM in preparation for sequencing. Libraries were sequenced paired end for 600 cycles (300 cycles in one direction and 300 cycles in the opposite direction) on the Illumina MiSeq, ensuring the complete insert was sequenced.



Bioinformatic Workflow and Statistical Strategy for Analyzing eDNA Datasets

Resulting raw sequence reads were processed with the FROGS v.2.0 pipeline (Escudié et al., 2017), using both Galaxy web and command-line interfaces. Reads were first demultiplexed then merged at a mismatch rate of 0.1 for each gene. Given the short length of the 18S-V9 fragment and the 2 × 300-bp read length achieved by Illumina sequencing, Trimmomatic v.0.39 (Bolger et al., 2014) was used to trim the length of each direction for this dataset to 140-bp, prior to merging the reads in FROGS. After merging, the minimum and maximum amplicon lengths for each gene were as follows: 250 and 450-bp for COI; 300 and 500-bp for 18S-V1V2; 280 and 500-bp for 18S-V4; 50 and 250-bp for 18S-V9. Next, datasets underwent swarm clustering (Mahé et al., 2014) at small local linking threshold of d = 2. Chimera and singleton filtering followed, with FROGS implementing VSEARCH (Rognes et al., 2016) to detect chimeras de novo in each sample. Next, filtering was done to keep OTUs that had a minimum number of 2 sequences assigned. Afterward, blastn+ was implemented to assign taxonomy by finding alignments between the resulting OTUs and specifically compiled reference databases. FROGS recommended the use of taxonomic filters in situations of well-known communities, when poorly characterized taxa are of no interest, or if researchers are interested only in some chosen and known taxa. An initial test implementing Blastn+ to assign taxonomy only to the COI dataset using a 96% percent identity threshold (Hebert et al., 2003; Bellec et al., 2018) ejected the majority of the OTUs and reduced the power of statistical analyses. Given this result, as well as our interest in the identities of multiple species in largely unknown and poorly characterized communities, taxonomic thresholds were not implemented at this stage. Additional filters, however, were performed during downstream bioinformatic processing describe below. Further, all resulting assignments produced e-values below 8e-7, while percentage identities were between 72.5 and 100%, with metazoans matches from 85% and above. Reference databases for taxonomic assignment were compiled by retrieving publicly available sequences from the Silva release 132 (Quast et al., 2012) for the 18S fragments and the NCBI GenBank Core Nucleotide, October 2017 release for COI. DNA barcoded taxa from this study were concatenated onto the relevant public reference databases prior to taxonomic assignment.

Additional processing, including filtering, data normalization, total taxa and metazoan specific community composition visualization and statistical analyses of curated data was conducted using the Phyloseq R package (McMurdie and Holmes, 2013) in R Studio v.3.5.1. Briefly, Phyloseq was implemented to examine the overall sequencing depth across samples before and after the removal of non-metazoan taxa to determine if sequencing was sufficient to characterize communities at the time of sampling, as well as normalization via rarefaction without replacement and the filtering of OTUs with fewer than 3 reads per sample. The generation of rarefaction curves and biodiversity analyses were performed within the R vegan package (v2.5-2) (Oksanen, 2015), including the estimation of metazoan species richness for incidence data (Chao 2, Chao and Chiu, 2016).

We sought to explore potential dissimilarities in faunal compositions and diversity between differing treatment factors. Our strategy for comparing communities is based on the experimental design that takes into account (1) habitat type for reference (or “baseline”) data (active, periphery and inactive) to test for the influence of vent activity; (2) location in the active area (edifice vs. base) to test for substratum type (sulfide versus slab); (3) collection year (2017 “baseline data” vs. 2018 “recolonization data”) to test for the disturbance impact; (4) the presence of cages (2018 cage data vs. 2018 non-caged data) to test for the effect of predators on recolonization patterns. Aided by the vegan package, the role of each factor (habitat, location, year and cages) was tested using Analysis of Similarity (ANOSIM, Clark, 1993), or the anosim function, to examine potential differences among communities. In addition, we tested for differences between samples based on a given factor using Permutational multivariate analysis of variance (PERMANOVA, Anderson, 2001), or the adonis function, implemented with 999 permutations and the Jaccard distance for pairwise distance between groups to minimize the weight given to absence values. When testing of factors was significant, pairwise comparisons under Bonferroni corrections were done with PAST3 (Hammer et al., 2001). Furthermore, Canonical correspondence analysis (Goldberg et al., 2016) ordination plots were generated using Jaccard distance matrices in Phyloseq to visualize relationships between treatments and identify which environmental factors are most important (Ter Braak and Verdonschot, 1995).



RESULTS


DNA Barcode Database

Morphological inventories identified several taxonomic groups collected from the Montségur edifice; from these, 22 were available in sufficient numbers for DNA barcoding for the present project, which encompassed a total of 144 individuals (Table 2). The barcoding effort produced a total of 580 sequences; 318 (55%) of these sequences were amplified from the 18S regions V1V2 and V9, as well as the short COI fragment (313-bp), and were added to their respective taxonomic reference databases, against which the eDNA metabarcoding datasets were assigned. The remaining 262 sequences (45%) were amplified from 28S regions D2D3 and D9D10, 18S region V7V8 and the long COI fragment (500 – 660-bp, Supplementary Material S1) and were not added to any reference databases for the present study, as we did not survey eDNA samples using these amplicons. Every sequence, however, has been made publicly available at NCBI GenBank under accession numbers MK591147–MK591726. Table 2 provides general information for each successfully barcoded taxon using one or more of the gene fragments described in this study, and whether or not the taxon was recovered in the respective eDNA dataset.


TABLE 2. DNA barcode inventory for 22 taxa collected from the Montségur edifice.
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eDNA Metabarcoding Datasets

A total of 18 eDNA samples and seven negative extraction controls were sent for metabarcoding using four gene fragments: COI; 18S-V1V2, 18S-V4 and 18S-V9, which will be referred to as V1V2, V4 and V9. None of the negative controls produced amplicons for library preparation, and thus were considered clear of contamination. After bioinformatic filtering, the metabarcoding effort yielded a total of 701,880 sequences for V1V2, 618,384 sequences for V4, 920,241 sequences for V9 and 1,098,025 sequences for the COI datasets. Additional information on sequencing depths for each dataset, mean number of reads per sample and OTU, as well as mean number of OTUs per sample can be found in Supplementary Figures S1, S2 and Supplementary Table S1.

Non-metazoan taxa included archaea, bacteria, fungi, plants (photosynthetic eukaryotes), protists or organisms unknown/unassigned at the phylum level; these non-metazoans comprised between 65.86% (COI) to 93.43% (V9) of all OTUs. Figure 2 illustrates the top 10 most common taxonomic groups, including non-metazoans, in each dataset, described by percentage of OTUs versus percentage of sequences for each phylum. While taxonomic patterns of OTU percentages were variable among markers, Annelida and Mollusca were clearly represented in each eDNA datasets in terms of high percentage of sequences assigned to few OTUs. Regarding the total number of sequences, Annelida represented 29.8% (V9), 33.1% (V4), 32.7% (COI), and 40.7% (V1V2), while Mollusca represented 17.3% (V4), 35% (V9), 37.1% (V1V2) and 37.6% (COI). For V1V2 and V4, the majority of OTUs originated from Protista, although the percentage of sequences comprising these OTUs was much smaller, suggesting the presence of many distinct species (Figure 2). Within V4, however, many OTUs were unknown/unidentified, though they were only a small proportion of total sequences. Further, the V9 fragment dataset uncovered a high percentage of OTUs and sequences assigned to Bacteria and other non-metazoans (Figure 2). COI identified the most OTUs assigned to Arthropoda, compared to few OTUs originating from Annelida and Mollusca, comprising nearly two-thirds of all sequences in this dataset. As with the V4 dataset, unknown/undefined assignments dominated a large percentage of OTUs within COI.
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FIGURE 2. The top 10 most common taxonomic groups, including non-metazoans, from the global eDNA sequencing effort for the four eDNA datasets. Percentage of OTUs refers to the proportion of OTUs (“species”) originating from each phylum and percentage of sequences (“abundance”) refers to the proportion of reads originating from each phylum.


The 18S fragments uncovered Nematoda and Platyhelminthes within the top 10 most common taxonomic groups, while COI identified Chordata, Cnidaria and Porifera. After non-metazoan taxa were filtered from each dataset, metazoan OTUs numbered 414 for V1V2, 304 for V4, 291 for V9 and 560 for COI. Unless otherwise stated, the proceeding results are primarily concerned with these metazoan datasets.



Common Metazoans Uncovered in eDNA From Montségur

Every metazoan taxon that underwent DNA barcoding was recovered in the global environmental DNA dataset of four markers (Table 2). This included taxa not yet identified to the species level, such as zoanthids (colonial anemones), copepods, ostracods and nematodes (Table 2). In addition, nearly all taxa identified to the genus or species level were found within the eDNA dataset for which they had been successfully barcoded. Exceptions were Paralepetopsis ferrugivora and Prionospio sp., which despite being barcoded for V1V2, were not identified within that eDNA dataset, as well as the unidentified zoanthid taxon, found only in V1V2, and not in V9 eDNA (Table 2). Bathymodiolus azoricus was the only barcoded species present in every eDNA dataset. Furthermore, Protolira valvatoides gastropods and Glycera sp. polychaetes either matched to the genus level (Protolira sp.) or to a particular species (Glycera capitata or tesselata), despite being DNA barcoded.

The top 10 most common species, in terms of sequence abundance, for the V1V2 and COI datasets are shown in Figure 3. Each graph identifies expected species (those collected from Montségur and DNA barcoded, see Table 2) and additional species. “Additional” species are those not barcoded by us, yet present within the Silva or NCBI public databases, some of which are not known from hydrothermal vents (Figure 3, non-bold). The top 10 most common species uncovered within the V1V2 dataset are all found at vents; however, the “non-vent species” for V4, V9 and COI datasets represented only 4.5, 7.3, and <2%, of these sequences, respectively (Figure 3 and Supplementary Figure S3). The V1V2 dataset found that expected species Amphisamytha lutzi, Bathymodiolus azoricus, and Branchinotogluma sp. comprise the majority of metazoan sequences. Oncholaimidae sp., a family of nematodes whose members are found in aquatic sediments world-wide including at LS, is the next most abundant group in this dataset (Figure 3), supporting the presence of local vent nematode species matching to this family. The COI dataset identified expected species A. lutzi, Branchinotogluma sp., Protolira valvatoides, Mirocaris fortunata, and Lepetodrilus atlanticus dominating metazoan abundance, while sequences assigned to Hesiolyra cf. bergi, an hesionid polychaete known from hydrothermal vents in the eastern Pacific (Blake, 1985), represents another common species in the dataset. While expected species such as B. azoricus, Branchinotogluma sp., Branchipolynoe seepensis and P. valvatoides are some of the most abundant within the V4 dataset, there are few species not expected from Montségur (including non-vent taxa, Supplementary Figure S3). Finally, for the V9 dataset, the majority of metazoan sequences were assigned to expected species B. azoricus, A. lutzi and B. seepensis (Supplementary Figure S3).
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FIGURE 3. The top 10 most common species, in terms of sequence abundance, for the 18S-V1V2 and COI eDNA datasets. “DNA barcode” are those species that were physically collected from Montségur and DNA barcoded in the current project (Table 1). “Additional” are species that were not DNA barcoded by the present project yet were within the NCBI GenBank database prior to the taxonomic assignment of eDNA. Species in bold are those found at hydrothermal vents, while non-bolded species are not found at hydrothermal vents. The presence of these non-vent assignments suggests that these sequences were assigned to the closest taxon within the database, and not that these non-vent species are present in the deep-sea.




Baseline Data: Effect of Habitat (Venting Influence) and Location

Baseline accumulation curves for V1V2 highlight differences between communities based on habitat/venting influence (Figure 4). When considering all taxa, peripheric and inactive sites exhibit much higher OTU counts compared to active sites at Montségur, with no difference seen between structure and base communities (Figure 4, top left). A similar pattern is seen with COI (Figure 5, top left), as well as within the other markers (Supplementary Figures S4, S5). Curves for all “baseline” taxa begin to reach plateau with increasing number of sequences, identifying that the sequencing depth was effective for characterizing most of the diversity present within each sample originating from the differing habitats. Upon considering baseline metazoan taxa only, a contrasting picture emerges: periphery and inactive sites are more similar to active sites in terms of OTUs counts for V1V2 (Figure 4, bottom left), V4 and V9 (Supplementary Figures S4, S5), although the initial slope of the curves remains steeper for inactive sites. The exception is COI, in which higher metazoan diversity is maintained for inactive, compared to peripheric and active sites (Figure 5, bottom left). Noting the differing graphic scales for baseline data between all taxa and metazoans-only, comparisons between the two clarify that much of the diversity recovered from the inactive habitat is non-metazoan taxa, though V1V2 and COI also identify similar or even higher levels of metazoan diversity at inactive sites, comparative to the other habitats (Figures 4, 5). These patterns are supported by estimated OTU richness (Table 3), which varied depending on the habitat and location. Notably, the COI dataset identifies the inactive site as having the highest number of OTUs at 321 and an estimated OTU richness of 484.8 + 30.5, compared to the other habitats (Table 3). The 18S datasets, however, show contrasting values, with active sites, particularly the base of Montségur, as having higher estimated OTU richness than the structure itself, the periphery or inactive sites.
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FIGURE 4. Accumulation curves for the 18S-V1V2 eDNA dataset, for both baseline (left) and recolonization (right) data across all taxa (non-metazoans and metazoans, top) and metazoan taxa only (bottom). Baseline data focuses on sample communities from differing habitats/vent activity, as well as those from differing locations on the active edifice (base and structure). Recolonization data focuses on sample communities from differing years, as well as those that were caged against those non-caged at active sites. Note the difference in scales for number of OTUs and number of sequences between “All taxa” and “Metazoan taxa only.” Recolonization data are only available for the active sites.
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FIGURE 5. Accumulation curves for the COI eDNA dataset, for both baseline (left) and recolonization (right) data across all taxa (non-metazoans and metazoans, top) and metazoan taxa only (bottom). Baseline data focuses on sample communities from differing habitats/vent activity, as well as those from differing locations on the active edifice (base and structure). Recolonization data focuses on sample communities from differing years, as well as those that were caged against those non-caged at active sites. Note the difference in scales for number of OTUs and number of sequences between “All taxa” and “Metazoan taxa only.” Recolonization data are only available for the active sites.



TABLE 3. Metazoan species richness values of baseline and recolonization data for the four eDNA datasets.

[image: Table 3]ANOSIM testing revealed that the habitats host significantly different metazoan communities, a pattern seen across all four eDNA datasets (Table 4). Habitat differentiation based on community is spatially illustrated by the CCA ordination for V1V2 and COI in Figure 6, as well for V4 and V9 in Supplementary Figure S6. With 26.3–35.5% of taxonomic variation explained within the two axes, habitat is supported as the most important factor influencing taxonomic composition and distance away from or toward active sites determines composition (Figure 6). PERMANOVA testing was also significant for the habitat factor, supporting a lack of homogeneity of communities among the habitat sample groups (Table 4). Pairwise comparisons between the differing habitats identified the strongest distinction between active and inactive sites (p < 0.05). Following the location factor that compares Montségur structure and base active communities, statistical analyses reveal dissimilarities among these communities from V4 and V9 datasets, though PERMANOVA testing suggest weak effects of this factor, as does the unclear separation of communities shown in Supplementary Figure S6. The dissimilarities between structure and base communities, however, are most strongly supported within the V9 dataset (Table 4).


TABLE 4. ANOSIM and PERMANOVA statistical results for testing baseline and recolonization data.
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FIGURE 6. Canonical correspondence analysis (CCA) plots for 18S-V1V2 and COI, illustrating metazoan community distributions by active, periphery or inactive habitats. Shapes denote habitat type and location (active only) and the number of shapes corresponds to the number of eDNA samples retrieved from each habitat. Colors refer to year and ellipses identify the relationships within habitats. The environmental gradient moves from right to left with increasing level of venting influence.


Examining taxonomic composition identified specific differences in metazoan composition across habitats, samples and eDNA datasets. Higher numbers of OTUs assigned to Annelida were found at active locations, compared to inactive sites, which was true for all datasets (Figure 7 and Supplementary Figure S7). However, fewer OTUs originating from Arthropoda were observed at active sites, compared to the non-active sites. Higher numbers of OTUs assigned to Cnidaria, Echinodermata and Porifera were observed within the COI dataset, specifically within periphery and inactive samples, compared to 18S (Figure 7). Conversely, 18S markers identified higher numbers of OTUs from Nematoda, particularly V1V2 (Figure 7, left) and V4 (Supplementary Figure S7). Furthermore, the 18S datasets uncovered less well studied meiofaunal taxa, such as Xenacoelomorpha at peripheric and inactive sites within V1V2 and V9, as well as Gastrotricha and Kinorhyncha from V4 and V9 (Supplementary Figure S7).
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FIGURE 7. Taxonomic characterizations of 18S-V1V2 and COI eDNA datasets by phylum, based on number of OTUs (incidence) and identified from samples distributed around the active edifice, periphery and inactive sites.




Recolonization Processes: Effect of Time and Cages

Accumulation curves comparing 2017 “baseline” samples with 2018 caged and uncaged samples identified similar trajectories for these communities, across all datasets (Figures 4, 5 and Supplementary Figures S4, S5). Considering all taxa, the curves for each dataset begin to level into a plateau shape, but still indicating that additional diversity remains undescribed (Figures 4, 5, top right). When focusing on only metazoan taxa, we observed no specific pattern of differentiation between years or cage presence (Figures 4, 5, bottom right). Estimated OTU richness is consistently higher in 2018 active communities compared to 2017 active communities, while non-caged communities have higher richness compared to those that were caged, a finding seen across all eDNA datasets (Table 3).

The lack of community differentiation depending on time and predation factors seen in Figures 4, 5 was also supported by statistical testing (Table 4). In terms of taxonomic composition, no strikingly different patterns based on sample or treatment are observed, though the COI dataset uncovered higher numbers of OTUs originating from Cnidaria and Mollusca across sample years, while 18S genes were still better at uncovering animal groups known from the meiofaunal compartment (Supplementary Figure S8). Overall, the characterization of communities across the time and cage treatments, using several gene fragments originating from mitochondrial and nuclear genes, identified a similar community composition after one year of passive recolonization.



DISCUSSION

The present study offers a broad taxonomic characterization of LS Bathymodiolus assemblages and their associated macro- and meiofaunal communities, present along an environmental gradient from an active sulfide edifice, to a more distant, inactive zone. We also provide original findings from an in-situ experiment and monitoring effort for tracking faunal recolonization at an active hydrothermal vent edifice located within the LS vent field (MAR). For this, we implemented the normally less intrusive environmental DNA (eDNA) metabarcoding method for comparing community temporal changes following the induced disturbance. Our protocol for processing hydrothermal vent material produced a comprehensive eDNA dataset composed of information from four genetic markers and encourages replication along a longer temporal scheme, as well as for future, unrelated survey efforts.


Seafloor Massive Sulfides (SMS) and Benthic Assemblages Along an Environmental Gradient

The International Seabed Authority reports that commercial interest in seafloor massive sulfides (SMS) is expected to occur in the near future, with calls for the establishment of environmental baseline data (Juniper, 2002; ISA, 2010). Using a new approach that allows for quick assessment of taxonomic biodiversity, our results contribute to fulfilling these recommendations by providing a consistent taxonomic richness comparison along a gradient of venting influence. Our eDNA analyses of substratum samples, retrieved from an inactive location where conspicuous fauna were not observed, revealed genetic signals from Cnidaria, Porifera, Mollusca and Nematoda. Inactive zones are known for low biomass assemblages of long-lived, slow growing suspension feeders and scavengers, including sponges, cnidarians (hydroids, corals and anemones) and echinoderms. These communities are referred to as “background fauna,” as they are non-vent specialists that can be found in differing habitats on the seafloor (Levin et al., 2009, 2016; Collins et al., 2012). A third and relatively unknown community consisting of endemic fauna inhabiting inactive zones is also suspected, possibly having nutritional dependencies linked to weathering inactive sulfide deposits (Van Dover, 2011; Boschen et al., 2013). Assemblages in inactive zones are far less studied than their active counterparts (Juniper, 2002), yet the possibility of inactive zones being the primary target of lucrative prospective initiatives makes these slow-growing communities especially vulnerable (Hoagland et al., 2010; Gollner et al., 2017). To date, there is an absence of information on recovery potential or resilience of inactive SMS communities and further investigations are warranted to fill these gaps in our knowledge.

Our analyses uncovered distinct differences between communities inhabiting active and inactive zones at LS, as well as high levels of estimated OTU richness associated with active periphery and inactive sites. These findings are in line with those on macrofaunal communities at some Pacific SMS locations, including those sites proposed for mining off of Papua New Guinea (Manus Basin) and New Zealand (Levin et al., 2009; Collins et al., 2012; Boschen et al., 2016), as well as meiofaunal (nematode) communities off of Fiji (Vanreusel et al., 1997). Results suggest that inactive sites at LS are highly diverse compared to their active counterparts, and that the metazoans and non-metazoans at these locations may have several origins. Those organisms not found at active sites possibly represent a combination of background organisms, pelagic organisms that settled from the surface to the seafloor and unclassified communities suspected to be endemic to inactive SMS habitats. Additionally, more accurate information on levels of diversity in these habitats may come from a more thorough analysis of protists. Deep-sea protists, specifically foraminifera, have been found to be important for structuring metazoan communities and are associated with high eukaryotic richness (Levin, 1991; Lecroq et al., 2009). Within our eDNA survey, protists represent a substantial number of OTUs across all four gene marker datasets (Figure 2) but lack investigation in active and inactive vent environments. Integrating protist taxonomic information with that of metazoans would likely reveal previously unknown information about biodiversity patterns in the vicinity of vents.



Recolonization at Montségur

Abiotic and biotic factors are responsible for driving colonization at vents. As this experiment was an artificial clearance of vent fauna, there were no significant changes in abiotic conditions such as fluid flow or chemistry that often accompany natural disturbance events. Thus, for the purposes of this project, the intensity of the induced disturbance could be classified as minor, as it consisted of small localized changes (at scale of centimeters) as opposed to a large-scale activities (at scale of hundreds of meters) projected to occur during mining activities (Van Dover, 2014). We therefore focus primarily on the role of biotic interactions on recolonization processes.

Contrary to what was expected, the exclusion of predators led to a lower taxonomic richness in our samples than for the uncaged experiments; though using the eDNA approach, we saw no significant difference between the two treatments after 13 months (Table 4). Several temporal studies have shown that in addition to environmental conditions, facilitation, competition and predation would trigger successional processes at vents (Sarrazin et al., 1997; Shank et al., 1998; Micheli et al., 2002; Mullineaux et al., 2003). Here, the lower values can be due to the influence of the cage that could have blocked the settlement of certain species. Micheli et al. (2002), through the deployment of caged and uncaged recruitment substrata, found that the exclusion of predators enhanced taxonomic richness. Their experiment, however, lasted less than a year (i.e., 5 and 8 months) and the authors used a smaller mesh size for the cages (6 mm). It is thus possible that our larger mesh size (10 mm) did not exclude the full range of possible predators on new recruits. As an example, gastropods are known to graze on new recruits (Mullineaux et al., 2003) and are often smaller than a centimeter. We also suspect that the cages used were not as effective as we thought, as a fish was found in one of them upon returning to the experiment. The addition of a skirt in the 2018 experiment should help better seal the cage to the substratum.

The 2018 recolonization samples proved to have slightly higher species richness than prior to the disturbance, possibly recruiting from adjacent populations, but these differences were not statistically significant. Indeed, recolonization is possible at active sites as a result of migration of mobile adults from nearby sites, though primarily from the dispersing local larval pool (Mullineaux, 2014). These metapopulations may also be at risk of destruction in case of large-scale mining, limiting recolonization capabilities, especially if the other populations are too far away to replenish impacted sites (Juniper, 2002; Mullineaux et al., 2018). It is possible that the newly recruited community is more diverse upon settlement and that taxa are lost over time in response to competition for space and/or food, and predation (e.g., grazing) (Micheli et al., 2002; Mullineaux et al., 2003; Sancho et al., 2005). Our present eDNA results, however, may not provide the most accurate results in terms of tracking recolonization, as abundance data from physical sampling show a severe decrease in abundance from 2017 to 2018 (Marticorena et al., unpublished). This suggests that eDNA metabarcoding of hard substrata alone is not suitable for monitoring temporal changes in faunal communities after a disturbance at smaller spatial scales.

After the clearance effort, few animals remained within some quadrats, especially in small factures, given the difficulties of removing every single animal in such rough topographies with submersible sampling tools (Figure 1). The presence of these individuals may have had an effect on the statistical lack of difference in terms of recolonization. Indeed, at the scale of our study and with the current technology (ROV sampling tools), it is nearly impossible to effectively clean all DNA from a small surface and therefore, remaining animals and persisting extracellular DNA may create false positive detections at sample sites with surveys using presence/absence criteria, such as eDNA (Chambert et al., 2015). More precise diversity assessments of these habitats would require coupling eDNA data with (1) traditional surveys where animals were physically collected, morphologically identified and counted, which is currently ongoing (Marticorena et al., unpublished) and (2) models that estimate the probability of detecting OTUs present (site occupancy detection models [SODM], Guillera-Arroita et al., 2017) which can account for both false positive and negative detection errors (MacKenzie et al., 2002; Chambert et al., 2015), especially in eDNA studies (Ficetola et al., 2015; Lahoz-Monfort et al., 2016; Guillera-Arroita et al., 2017). At present, we focused on extracting eDNA from substratum, which would be the primary type of media to be removed by mining activities. However, the simultaneous collection and comparison of substrate and water samples as a “double-eDNA” survey would likely improve detection probabilities of taxa. Further, with the exception of the peripheral site, our sample substrata weights were similar across habitats (Table 1). Nevertheless, differing sample weights may influence OTUs detection (Wei et al., 2018) and therefore, we suggest improved standardization for future studies. Given these findings, this molecular approach appears to be better suited over longer term investigations and at the larger scales of industrial mining, which would potentially affect hundreds of square meters of seafloor.

At Montségur, no significant difference was observed between the composition and diversity of communities of each active location (i.e., base and edifice). This supports the use of these data as “baseline” information in terms of diversity and community composition, as the presence of historical baseline data is important for assessing the magnitude of future recovery attempts (Lotze et al., 2011). Finally, the baseline data obtained for the periphery and inactive sites in 2018 encourage the analysis of additional samples along longer temporal scales to assess their recovery potential compared to active areas.



Benefits and Limitations of eDNA Metabarcoding at Hydrothermal Vents

The success of environmental DNA over the last several years is in part due to its ubiquity in the environment: animals continuously expel DNA into their surroundings and this genetic material is freely available to be collected and analyzed (Thomsen and Willerslev, 2015). There are many benefits for extending this approach to deep-sea ecosystems. Indeed, this environment is logistically challenging to sample, requiring the use of submersibles – most notably Human Occupied Vehicles (HOVs) and Remotely Operated Vehicles (ROVs). Historically, biological studies at depth have been performed by video streams and physical sampling of animals which require the observation of whole animals for identification (Cuvelier et al., 2009, 2012). In addition, sampling protocols related to the use of vehicles to collect animals, combined with the fastidiousness of animal sorting and identification, still result in the oversight of organisms that are small, rare or transient (Gauthier et al., 2010). Conversely, eDNA does not require whole animals and provides a mix of genetic information from even the smallest organisms that can be collected through bulk sampling and preserved for later sequencing and informatic-based taxonomic assignment. eDNA processing also lends itself more easily to technical standardization compared to methods dependent upon sorting of complex samples and taxonomic expertise, the later becoming a major issue as the number of skilled experts decreases (Hebert et al., 2003; Bohmann et al., 2014). Once baseline studies are established and protocols optimized, eDNA has the potential to be less costly and less-destructive than physical sampling (Rees et al., 2014; Sigsgaard et al., 2015), which is particularly important for conservation studies that seek to track re-establishment of previously impacted populations. eDNA also contributes to increasing the amount of information on habitat diversity while augmenting bio-inventories (Bohmann et al., 2014), useful for poorly studied habitats, such as deep-sea active and inactive hydrothermal vents.

The application of eDNA for characterizing metazoan communities is still relatively new and making rapid advances. There are, however, still several limitations to the method that require resolving that accompanies continued development. First, eDNA is most accurate when focusing on incidence data (presence/absence), given the number of times that a sequence is observed can be influenced by factors other than the abundance of taxa (i.e., number of biological cells present, the physical parameters of the local environment, etc.) (Lacoursière-Roussel et al., 2016). In this context, morphological approaches that require observation and/or physical collection of individuals can provide more precise estimates of abundance, as well as the ability to distinguish between living and dead animals, various life stages and sexes (Rees et al., 2014; Thomsen and Willerslev, 2015). While primarily focusing on a single or few species, some studies have already successfully linked eDNA concentrations with abundance in the form of biomass, organismal density or both (Lacoursière-Roussel et al., 2016; Yamamoto et al., 2016; Doi et al., 2017).

Furthermore, total DNA in the environment (hard and soft substrata) includes intracellular DNA that originates from living cells and extracellular DNA that originates from cell lysis (Pietramellara et al., 2009). Upon being released, extra-cellular DNA can persist in the environment after an organism is no longer present, possibly impacting the accuracy of eDNA biodiversity surveys (Corinaldesi et al., 2011; Dejean et al., 2011), although more recent research has shown that under certain conditions, extracellular DNA has a surprisingly minimal effect on genetic estimates of taxonomic and phylogenetic diversity (Lennon et al., 2018; Torti et al., 2018). In attempts to improve the efficiency of molecular methods for detecting living communities, as well as provide more accurate assessments of biodiversity over time, studies have used treatments during the DNA extraction phase to separate intra and extracellular DNA within environmental samples (Wagner et al., 2008; Taberlet et al., 2012b; Seidel et al., 2017). Additional strategies have extracted eRNA of microorganisms, as eRNA is less stable and degrades more rapidly than eDNA and can thus improve biodiversity assessment of contemporary communities (Barnes and Turner, 2016; Pochon et al., 2017; Laroche et al., 2018; Brandt et al., 2019). Next, the incompleteness of public databases used for taxonomic assignment during high-throughput sequencing projects, as well as the selection of genetic markers, heavily influence eDNA studies. Gaps in databases will continue to be a limitation for habitats where communities are not well characterized to the species level (Thomsen and Willerslev, 2015), though repositories are rapidly expanding (Porter and Hajibabaei, 2018). In our case, some taxa denoted as “common” correspond to species not found in the deep sea or at hydrothermal vents. When taxa are poorly represented or absent in the database, sequences may have no match or may match to the nearest relative that has more abundant and available data (Dayrat, 2005; Kvist, 2013). The presence of non-vent assignments in our datasets suggests that sequences were assigned to the closest taxon within the database and not that these “non-vent species” are present in the deep-sea. Alternatively, our bioinformatic assignment protocol may not have been optimal for finding the best matches present. To address these shortcomings, the best strategy includes the continued inclusion of well curated data from hydrothermal vent and deep-sea fauna into public inventories, to which we have contributed in the present study via our barcoding efforts. Furthermore, the use of a standardized bioinformatic pipeline targeting poorly surveyed marine habitats that outlines specific parameters and filters would allow more precise and uniform results and this effort is currently underway (Brandt et al., 2019). These outcomes also emphasize the importance of collaborative efforts of morphological and molecular approaches, at least during the initial stages of community characterization (Cowart et al., 2015).

Finally, challenges for finding optimal metabarcoding markers for the simultaneous characterization of several taxonomic groups are partially linked to differing rates of evolution across animals and the lengths of amplicons (Hebert et al., 2003; Epp et al., 2012; Sinniger et al., 2016). Notably, some fragments of the 18S SSU ribosomal RNA (18S) exhibit uneven phylogenetic resolution across taxonomic groups and have difficulties disentangling taxa at the genus and species levels when compared to lesser conserved mitochondrial markers (Tang et al., 2012; Wu et al., 2015). Additionally, smaller amplicons, termed “mini-barcodes,” often provide taxonomic information for samples containing highly degraded DNA (Meusnier et al., 2008; Barnes et al., 2014) but in some cases, may be too short to be phylogenetically informative. The marker 18S-V9 was chosen due to its short amplicon length and availability of primers, yet the 18S-V9 dataset primarily uncovered taxa of non-interest such as Bacteria (Figure 2), possibly as a result of both its conservation and size. Thus, for environments where community composition remains largely unknown, such as deep-sea vents, future studies could instead employ less conserved mitochondrial mini barcodes, such as the COI-mini barcode proposed by Günther et al. (2018).

In comparison, the Cytochrome Oxidase I (COI) gene has often been designated the DNA barcode standard for animals, as it is better at resolving taxa at the species level given its faster mutational rate, as well as the presence of robust “universal” primers, all aided by an extensive reference databank for taxonomic matching (Hebert et al., 2003; Hajibabaei et al., 2007; Bucklin et al., 2011; Porter and Hajibabaei, 2018). COI, however, is not without limitations that have been discussed extensively; this includes biases associated with maternal inheritance, overestimations of species divergence and the presence of pseudogenes, which can skew diversity assessments (Frézal and Leblois, 2008; Buhay, 2009; Bucklin et al., 2011; Deagle et al., 2014). Another disadvantage of the COI primers we used is their degeneracy which is useful for providing broad coverage of metazoans, but also allows for the amplification of some non-metazoans (Lear et al., 2018).

The novelty of our project and the goal to sequence across several hydrothermal vent taxa led us to implement four COI and 18S fragments that produced amplicons small enough to amplify degraded DNA material, yet long enough to provide information at various taxonomic levels. Comparing taxonomic results between COI and 18S, some taxa were found within certain datasets, yet not others (Figure 2). Previous authors also had similar findings while employing COI and 18S markers on environmental data (Cowart et al., 2015; Günther et al., 2018), linked to the factors described above. As an example, COI is known to have poor species resolution in some taxa and is unreliable for barcoding nematodes (De Ley et al., 2005; Pochon et al., 2013) and as such, 18S is preferred in these instances (Bhadury et al., 2006, 2008). This further supports that several factors, including marker amplicon length, the presence of pseudogenes or introns and differing evolution rates influence taxonomic “preferences” of markers. Despite these differences, the comparison of our eDNA datasets identified congruent statistical findings (Table 4), which included differences in community composition across habitats, as well as high diversity in inactive sites, similar to what has been seen using more traditional sampling strategies (Vanreusel et al., 1997; Levin et al., 2009). As there is no currently known perfect marker for properly characterizing all phyla, recommended strategies suggest using either a single marker for investigations of specific groups, or the use of multiple markers simultaneously to enhance biodiversity resolution (Dupuis et al., 2012; De Barba et al., 2014; Cowart et al., 2015). Other genes, such as 12S SSU rRNA and 28S LSU rRNA, should also be considered as viable options for metabarcoding due to their variability, ease of amplification and presence of public sequence data (Machida and Knowlton, 2012; Valentini et al., 2016; Lear et al., 2018).



Future of SMS Disturbances at Vents

The effects of mining activities on animal communities differ from natural disturbances, as mining would include not only the removal of substratum and associated faunal communities by machinery, but also generate a particulate plume that could smother individuals, as well as alter venting activity and fluid flow by clogging fluid channels (Juniper, 2002; Van Dover, 2011, 2014). If the scale of this destruction is widespread, these actions could not only hinder recovery, but may force the affected habitat past its tipping point, causing irreversible damages (Lotze et al., 2011; Veraart et al., 2012; Mullineaux et al., 2018). The current in situ experiment simulates a minor disturbance event in which fluid flow or chemistry was not altered. Additionally, our recolonization experiment focused on active areas, rather than inactive areas, where commercial mining is expected to occur. Finally, it was done at a far smaller scale than those expected for mining activities, although in the event of a large-scale mining operation, particulate plumes could likely affect nearby active venting sites. Despite these limitations, we provide foundational data on the diversity present at inactive sites, demonstrating that despite the absence of visible fauna, these sites may harbor an incredible level of diversity, especially in the microbial realm. To date, information regarding recolonization processes in these habitats are fully missing, and the resampling of these quadrats after one or two more years of recolonization will bring new insight on inactive SMS recovery potential. Extending these types of experiments in space and time might also prove useful for the development of new methodologies for ecosystem monitoring using quick and reproducible approaches, such as environmental DNA.
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FIGURE S1 |
Sequencing depth of non-metazoans and metazoans combined (“overall”) for the four eDNA datasets. The number of reads in each OTU (right) and 18 samples (left) are shown for each gene marker.

FIGURE S2 |
Sequencing depth of metazoans only for the four eDNA datasets. The number of reads in each OTU (right) and 18 samples (left) are shown for each gene marker.

FIGURE S3 |
The top 10 most common species, in terms of sequence abundance, for the 18S-V4 and 18S-V9 eDNA datasets. “DNA barcode” are those species that were physically collected from Montségur and DNA barcoded in the current project (Table 1). “Additional” are species that were not DNA barcoded by the present project yet were apparently within the NCBI GenBank database prior to the taxonomic assignment of eDNA. Species in bold are those found at hydrothermal vents, while non-bolded species are not found at hydrothermal vents. The presence of these non-vent assignments suggests that these sequences were assigned to the closest taxon within the database, and not that these non-vent species are present in the deep-sea.

FIGURE S4 |
Accumulation curves for the 18S-V4 eDNA dataset, for both baseline (left) and recolonization (right) data across all taxa (non-metazoans and metazoans) and metazoan taxa only. Baseline data focuses on sample communities from differing habitats/vent activity, as well as those from differing locations on the active edifice (base and structure). Recolonization data focuses on sample communities from differing years, as well as those that were caged against those non-caged at active sites. Note the difference in scales for number of OTUs and number of sequences between “All taxa” and “Metazoan taxa only.” Recolonization data are only available for the active sites.

FIGURE S5 |
Accumulation curves for the 18S-V9 eDNA dataset, for both baseline (left) and recolonization (right) data across all taxa (non-metazoans and metazoans) and metazoan taxa only. Baseline data focuses on sample communities from differing habitats/vent activity, as well as those from differing locations on the active edifice (base and structure). Recolonization data focuses on sample communities from differing years, as well as those that were caged against those non-caged at active sites. Note the difference in scales for number of OTUs and number of sequences between “All taxa” and “Metazoan taxa only.” Recolonization data are only available for the active sites.

FIGURE S6 |
Canonical correspondence analysis (CCA) plots for 18S-V4 and 18S-V9, illustrating metazoan community distributions by active, periphery or inactive habitats. Shapes denote habitat type and location (active only) and the number of shapes corresponds to the number of eDNA samples retrieved from each habitat. Colors refer to year and ellipses identify the relationships within habitats. The environmental gradient moves from right to left with increasing level of venting influence.

FIGURE S7 |
Taxonomic characterizations of 18S-V4 and 18S-V9 eDNA datasets by phylum, based on number of OTUs (incidence) and identified from samples distributed around the active edifice, periphery and inactive sites.

FIGURE S8 |
Taxonomic characterizations of the four eDNA datasets by phylum, based on number of OTUs (incidence) and identified from samples collected in 2017 and 2018, for visualization of recolonization across years and presence of cages.

TABLE S1 |
Sequencing depth values for all taxa and metazoan taxa only, for the four eDNA datasets and across the 18 collected samples.

MATERIAL S1 |
PCR protocols for DNA barcoding of animal tissue.
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[ Phallomedusa solida

[] Trichodactylus fluviatilis

*bolded taxa are endemic to deep-sea vents
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Factor: Factor: Factor: Factor:
Habitat Location Year Predation
ANOSIM
18S - V1V2 0.001** (0.973) 0.074 (0.266)  0.322 (0.094) 1.000 (—0.750)
185-Vv4  0.002** (1.000) 0.215(0.091)  0.969 (—0.240) 0.667 (0.250)
185-V9  0.001** (0.906) 0.003* (0.560) 0.189 (0.099) 1.000 (—0.500)
COl 0.001** (0.997) 0.147 (0.191)  0.700 (—0.073)  0.667 (0.000)
PERMANOVA
18S - V1V2 0.001** (3.047) 0.141(1.283)  0.299 (1.109) 1.000 (0.841)
185-Vv4  0.002** (3.494) 0.037* (1.328) 1.000 (0.674) 0.333 (1.205)
185-V9  0.002** (2.633) 0.023* (1.712) 0.132 (1.267) 1.000 (0.894)
COl 0.003** (3.643) 0.123 (1.243)  0.460 (1.072) 0.667 (0.943)

Significance value is followed by R-value (ANOSIM) or F-value (PERMANOVA)
in parentheses to denote level of influence of factors. **Significant at 0.005;
*significant at 0.05.
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