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INTRODUCTION

1. Studying the microbial ecology of the dark ocean: from the

first expeditions to molecular ecology approaches

1.1. From the first expeditions of the 19th century to the large-scale

explorations of the 21st

1.1.1. Reaching the deep sea

Covering 70% of the surface of the Earth, the ocean contains some of the largest habitats on
the planet. However, its depths have long remained understudied. In 1842, Edward Forbes
proposed the azoic hypothesis, postulating that biodiversity decreases with depth in the ocean
and that life cannot exist deeper than 550 meters. However, from 1850 onward, dredging
operations by Michael Sars in the Norwegian fjords recovered evidence of life, in particular
crinoids, down to 820 meters. This prompted global exploration efforts, starting with the HMS
Challenger expedition in the 1870s, led by Sir Charles Wyville Thomson.

The 20th century saw the development of numerous crucial instruments for the study of the
deep ocean, including sonars to measure ocean depth and detect underwater objects, and
submersibles. Between 1930 and 1934, Otis Barton and William Beebe conducted the first
manned dives with the intent of observing deep-sea animals in their environment, off the coast
of Bermuda, and reached 923 meters. Thirty years later in 1960, Jacques Piccard and Don
Walsh were the first to reach the bottom of the Mariana Trench at 10,911 meters. Building on
these technological advances, submersible vehicles were developed, and led to the discovery
in 1977 of the first hydrothermal vent and its unexpected oasis of life along the Galapagos
Ridge (Corliss et al., 1979). These exciting discoveries paved the way for further studies of
the biodiversity found at the bottom of the ocean, with the development of technical gear
capable of reaching the deepest parts of the ocean now encompassing remotely operated
underwater vehicles (ROVs) and independent free-falling systems, or landers (Jamieson et

al., 2018).

16



INTRODUCTION

1.1.2. Advent of molecular ecology and sequencing

In parallel with the technological advances that made it possible to reach high depths in the
ocean, a number of molecular ecology discoveries came to be very significant for deep sea
microbiology studies, first and foremost the resolution of the double helix structure of DNA
(Watson and Crick, 1953) and the ensuing “central dogma” of molecular biology, linking
information with DNA sequence (Crick, 1958). Further studies based on DNA properties
revolutionized the taxonomic classification of microorganisms, with Woese and others starting
to use the 16S small subunit ribosomal RNA gene to systematically classify prokaryotes (Fox
etal., 1977).

The Sanger sequencing method first proposed by Sanger et al. (1977) soon became a widely
used technique to obtain DNA sequences from microorganisms, especially after the refining
of the Polymerase Chain Reaction (PCR) (Mullis et al., 1986). Necessitating a PCR
amplification and cloning step before sequencing, this fastidious method allowed access to
around 100 sequences by sample, thus predominantly grasping the dominant taxa. It was
used to produce the first complete genome sequence of Haemophilus influenzae
(Fleischmann et al., 1995), and fueled the efforts of the Human Genome Project between 1990
and 2003 (International Human Genome Sequencing Consortium, 2001).

The second generation of sequencing techniques, also called next-generation sequencing
(NGS), were developed in the 1990s and early 2000s and had a huge impact on the field of
microbial ecology (van Dijk et al., 2014). Still relying on neo-synthesis of DNA molecules, these
techniques replaced biological cloning in E. Coli by physical cloning on microbeads in the case
of pyrosequencing, and nano-sized clusters on flow cells for the Illlumina technology.
Sequencing capacity increased rapidly, and the cost of sequencing fell (Fig. 1), generating an
increasing subsampling and coverage of prokaryotic communities through the sequencing of
environmental DNA.

In 1985, Staley and Konopka had estimated that less than 1% of microorganisms in the

environment were potentially cultivable. With Illumina sequencers allowing access to a wider

17



INTRODUCTION

than ever extent of the microbial diversity of an environmental sample, progresses in microbial
ecology were strongly linked with this increase in affordability and rate of sequencing.

More recently, a third generation of sequencing methods emerged, characterized by their
capacity to produce very long sequences from single molecules of DNA, eliminating the
amplification step. However, read quality and sequencing depth are often poor, and this type
of data requires specific bioinformatic error correction steps or association with short NGS

reads (Weirather et al., 2017).

Cost per Raw Megabase of DNA Sequence

10,000.000
1,000.000

100000 —08 ————————————————— Moore’s Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

01
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 1: Sequencing cost per megabase of DNA - August 2020. Wetterstand KA. DNA
Sequencing Costs: Data from the NHGRI Genome Sequencing Program (GSP) Available at:

www.genome.gov/sequencingcostsdata. Accessed 06/05/2021.

1.1.3. Microbial ecology at the global scale

The advent of the sequencing techniques presented above opened the way for the inventory
of diverse microbiomes such as the human microbiome (Turnbaugh et al., 2007) or soil
microbiome (Fierer and Jackson, 2006). In the marine realm, several large-scale projects were

developed to target specific biomes: Ocean Sampling Day (OSD) focusing on coastal
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environments, the Global Ocean Survey (GOS) by the Craig Venter Institute and Tara Oceans
expeditions sampling mostly the euphotic zone around the world. Deep sea sediments, and in
particular subsurface sediments, were also the object of international collaboration projects,
e.g. the Deep Carbon Observatory (DCO) and the International Ocean Drilling Project (IODP).
All of these projects relied at least in part on two applications of high-throughput sequencing:
the sequencing of specific marker genes or amplicons, also called metabarcoding, and whole

genome sequencing.

1.2. Molecular tools to access the functional and taxonomic diversity of

microbial communities

1.2.1. Metabarcoding

1.2.1.1. Marker gene selection

Metabarcoding is a very widely used technique in microbial ecology to characterize taxonomic
diversity. It relies on the PCR amplification and subsequent sequencing of a marker gene, that
can then be compared to a reference database to phylogenetically place the organism.

To effectively achieve this goal, the ideal marker gene must be stable enough to be present
in all microorganisms, but presenting enough variation from one organism to the next to
discriminate between them at the species level.

The most commonly used marker gene when working with Bacteria and Archaea is the 16S
rRNA gene. Because of its role in the translation process, it is ubiquitous. Its function
depending on its structure, it presents some very conserved regions with a slow evolution rate
that can be used to design PCR primers, allowing optimized recognition and capture.
Conversely, it also presents nine hypervariable regions where less selection pressure is

applied, that are used to discriminate between taxa.
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The full sequence of the 16S rRNA gene is about 1500 bp long. Sequencing of the full gene
would permit a species-level resolution of the composition of a community. However, the
widely used next-generation sequencing technologies currently offer amplicon lengths of a few
hundred base pairs. As a result, the targeted sequences to be amplified in the 16S rRNA gene
usually encompass one or two hypervariable regions between V1 and V9.

The choice of which region to amplify depends on the desired outcome. No single region can
differentiate among all Bacteria and Archaea, nor do all of the hypervariable regions have the

same resolution power (Fuks et al., 2018; Willis et al., 2019; Garcia-Lépez et al., 2020).

1.2.1.2. Delineating ecologically informative units

The next challenging step is the bioinformatic analysis of the large datasets produced, to
account for sequence errors and intra-specific diversity, through the denoising and/or
clustering of sequences into ecologically relevant units. The first definition of microbial species
from a molecular point of view was based on DNA/DNA hybridization experiments, where a
threshold of 70% reassociation of the single-stranded DNA molecules sorted two
microorganisms as the same species (Wayne et al., 1987). When 16S approaches became
more widespread, a threshold of 97% sequence similarity was proposed to delineate species
(Stackebrandt and Goebel, 1994). This threshold takes into account intra-species variability
and possible sequencing errors introduced, since they are difficult to differentiate from actual
variants. Indeed, microbial strains whose genomes contain multiple copies of the 16S gene
not coalesced through concerted evolution have been shown to possibly lead to an
overestimation of the community’s diversity (Kang et al., 2010; Pei et al., 2010). However,
studies have questioned the 97% threshold and its representation of true diversity, putting

forward a value of 99% instead (Kim et al., 2014; Edgar, 2018).

In recent years, new algorithms have been developed to access fine-scale variations that

could be masked by clustering approaches. These high-resolution methods are based on
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information entropy analysis (oligotyping and MED, Eren et al.,, 2013a, 2014), sequence
identity and distribution profiles (SWARM, Mahé et al., 2015) or sequencing error correction
(DADA2, Callahan et al., 2016)

More particularly, DADA2’s error correction algorithm is based on the assumption that
sequencing errors are randomly distributed, while actual variants are not. Ultimately, after the
correction step, also termed denoising, DADA?2 yields a collection of unique sequences, or
Amplicon Sequence Variants (ASVSs), instead of clusters of closely related sequences, i.e.
Operational Taxonomic Units (OTUs). In addition to resolving fine-scale variation, the
denoising process and generation of ASV-level observation tables increases the comparability
of datasets (Callahan et al., 2017), and depending on the aim of the study, clustering

algorithms could still be applied after such error correction/denaising.

1.2.1.3. Limitations and biases

Primer pairs used to amplify the chosen region of the 16S rRNA gene often have more affinity
with certain groups of microorganisms. Indeed, studies have highlighted the bias induced by
a single nucleotide mismatch in a primer sequence (Bru et al., 2008; Eloe-Fadrosh et al.,
2016). Archaea in particular have been shown to be underestimated when using universal
primers (Baker et al., 2003; Klindworth et al., 2013). It thus appears necessary to adapt the
primer set used to the study’s aim, though this might result in an impossibility to compare

datasets generated through different methods.

Taxonomic affiliation of 16S sequences relies on comparison with pre-existing databases.
Three main databases are available for 16S rRNA: Greengenes (McDonald et al., 2012), the
Ribosomal database project (RDP, Wang et al., 2007) and Silva (Quast et al., 2013). The last

one is the largest, with manually curated taxonomic rank assignment. It is only as complete
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as researchers have been able to make it over the years however, and deep sea sediments

are one of the least characterized environments, suggesting significant gaps can be expected.

Finally, marker gene approaches do not reflect the whole genome content, and are thus not
adapted to the study of functional diversity or microbial activity. Because of these limitations,
recent studies in microbial ecology tend to take advantage of increasing sequencing power

and decreasing associated costs to turn to metagenomics and whole genome sequencing.

1.2.2 Whole genome sequencing

1.2.2.1. Read-centric analysis

Metagenomic data can be analyzed in a read-centric fashion, based on the raw reads obtained
from sequencing. For example, MG-RAST (Meyer et al., 2008) is a web-available tool that
computes phylogenetic and functional summaries of metagenomes based on the comparison
of short reads to databases. Phyloflash (Gruber-Vodicka et al., 2020) and SortMeRNA
(Kopylova et al., 2012) are other examples of read-centric tools that identify and extract
sequences affiliated to small-subunit rRNA genes to produce a taxonomic profile of the
sample. Beta-diversity can also be investigated de novo, by computing distances between
samples based on k-mer profiles, such as with Simka (Benoit et al., 2016). This can be

interesting to avoid the challenges and biases inherent to the assembly step (see below).

1.2.2.2. Assembly

NGS produces short reads (around 150 bp for lllumina HiSeg/NextSeq). As a consequence,
reconstruction of genes and genomes start with an assembly step, with tools such as
Metaspades (Nurk et al., 2017), Megahit (Li et al., 2015) or IDBA-UD (Peng et al., 2012).

Ideally, the aim is to reconstruct full genomes, however de novo assembly of a metagenome
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is challenging. For instance, sequences with high conservation between genomes break the
assembly graph and low abundance organisms may not be sequenced with a depth sufficient
to be re-assembled (Lapidus and Korobeynikov, 2021). As a result, getting a complete
genome from a metagenome simply by assembling reads is fairly impossible with the current
softwares, but assembly is useful in order to generate contigs, i.e. sequences longer than the
reads first obtained, that make further analyses possible. To help with the recovery of low
abundance organisms, coassembly can also be performed by merging sequences obtained

from different samples.

1.2.2.3. Binning

Binning is one of the possible steps following assembly. It aims at separating contigs into
discrete clusters called bins, representing putative genomes. Several automatic binning
algorithms have been developed in recent years such as MaxBin2 (Wu et al., 2016), MetaBAT
(Kang et al., 2015, 2019), CONCOCT (Alneberg et al., 2014) or Binsanity (Graham et al.,
2017). Clustering of the sequences is based on sequence composition through tetranucleotide
frequency (or k-mer profiles), and differential coverage.

Indeed, genomes have specific k-mer profiles, and k-mer composition is stable inside a
genome while it varies among microorganisms. On the other hand, coverage, the number of
times a sequence is found in the data, is assumed to reflect the abundance of organisms in

the sample, which justifies the use of coverage profiles to define clusters of sequences.

However, automatic binning can result in conflation errors (more than one genome in a bin) or
fragmentation errors (genome separated into multiple bins). This is assessed by detecting a
set of single-copy core genes, previously determined from comparative analysis of database
genomes (Darling et al., 2014; Lee, 2019). These genes are expected to be present only once
in each microorganism, and thus are used to estimate the completion and redundancy of the

bins (CheckM, Parks et al., 2015).
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Recently, automatic methods to refine bins generated by one of the softwares mentioned
above have been proposed. DAS Tool (Sieber et al., 2018) compares the results of multiple
binning softwares based on marker genes, and refines them by combination or rejection.
GraphBin (Mallawaarachchi et al., 2020) uses the de Bruijn graph inherited from the assembly
step to refine the proposed bins and identify mis-binned contigs. Finally, manual curation of
the binning results using visualization softwares such as Anvi'o (Eren et al., 2015) can be

applied to improve bin quality.

The refined bins can be called MAGs for Metagenome-Assembled Genomes. The Genomic
Standards Consortium proposed guidelines for reporting new genome sequences, in order to
facilitate more robust genomic analyses (The Genome Standards Consortium et al., 2017). In
particular, they defined MAG quality thresholds based on the minimum information available.
According to these standards, MAGs are considered to be high-quality drafts when they are
over 90% complete and less than 5% redundant, with presence of the 23S, 16S and 5S rRNA
genes and at least 18 tRNAs. When MAG completion is over 50% and contamination under

10%, it is classified as a medium-quality draft.

1.2.2.4. Comparative genomics

Once the MAGs have been reconstructed, further analysis can include a reassembly step to
attempt “closing” the genomes.

If contigs have been scanned for Open Reading Frames (ORFs) and genes have been
identified, functional annotation of these genes can be attempted with databases such as
KEGG (Kanehisa and Goto, 2000) or COG (Tatusov, 2000) to infer the metabolic capabilities
of the microorganism.

Comparison of the sequences of closely related MAGs can also yield insights into the core
and accessory parts of the putative genome. Corresponding to genes found in all the bins or

taxa, the core genome can be hypothesized as being essential to the organisms’ survival in

24



INTRODUCTION

their environment. Conversely, the accessory genome is differentially present among
populations, and possibly makes them specifically adapted to a condition or a metabolite
usage. However, in poorly characterized environments such as deep-sea sediments,

databases lack references for many genes, and functional annotation remains difficult.

2. Life in deep ocean surface sediments

2.1. Geologic and biogeographic definition of seafloor provinces

The ocean can be broadly divided in two realms: the pelagic and the benthic. The pelagic
realm refers to the water column, and the benthic zone is composed of the first few layers of
seafloor sediments. The interface of these two zones is called the benthic boundary layer, and

includes the bottom water and sediment layer directly in contact with it.

2.1.1 Geologic classification

Seafloor sediments can be categorized based on their proximity to tectonic plates or land
boundaries. The most studied sediments are those of the continental margin, which account
for about 20% of the total aerial coverage (Orcutt et al., 2011).

These margins are split between passive continental margins, which do not coincide with a
tectonic plate margin (e.g. Atlantic Ocean coasts), and active margins, which fall along a
tectonic plate boundary where subduction occurs, like on the Western coast of South America.
Passive continental margins usually exhibit a bathymetric profile with three subdivisions: first
the continental shelf, where the depth of the water does not exceed 200m, then the continental
slope, where the seafloor plunges from 200m below the surface to 1,000 to 2,000m below the

surface (Fig. 2). In contrast with this, active margins seafloor drops much more abruptly to
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great depths in the subduction, or hadal, trenches. Most of the seafloor underlying the open
ocean is a flat expanse called the abyssal plain, which has an average depth of around 4000m
(Orcutt et al., 2011) and accounts for as much as 79% of the seafloor worldwide (Schrenk et
al., 2010). The sedimentation rate over the abyssal plain is generally much lower than the rate
closer to shore, over the continental margins that also benefit from terrestrial input and

possibly upwelling processes, and thus the sediments, on average, are thinner.
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is logarithmic. (Orcutt et al., 2011)
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2.1.2. Biogeographic classification

Biologists have traditionally delineated seafloor regions based on environmental
characteristics, most importantly ocean depth (Watling et al., 2013; Costello et al., 2017).

The first region, like the continental shelf, extends down to 200m and is found below the photic
zone. The mesopelagic or “twilight” zone, sometimes also called the upper bathyal zone,
extends from the end of the photic zone down to around 1000 m. Finally, the lower bathyal
(1000 - 3500/4000 mbsl), abyssal (~4000 - 6000 mbsl) and hadal zones (> 6000 mbsl)
compose the rest of the seafloor regions. These last three zones are characterized by low
environmental variation, no light penetration, low temperatures and high pressure, and the
existence of an ecological delineation between lower bathyal and abyssal regions in particular

has been questioned (Costello and Breyer, 2017).

2.1.3. Hadal trenches

Hadal trenches are formed by the subduction of one tectonic plate under another and thereby
are much longer than they are wide. They are the deepest places on Earth, the Challenger
Deep in the Mariana Trench reaching a depth of 10 898 m.

Depending on the precise definition used, the number of hadal environments varies. Jamieson
(2015) defined trenches as distinct, single elongated areas deeper than 6500 m generally
formed by subduction or faulting, and troughs as large areas deeper than 6500 m which are
not formed at converging plate boundaries. Based on these definitions, the author identified
33 hadal trenches and 13 troughs. Still, they represent less than 1% of the seafloor surface
habitat (Jamieson, 2015).

In the trenches, hydrostatic pressure increases linearly with depth, and the typical temperature
range is 1.0 - 2.5°C. This temperature is comparable to the ones measured on the continental

margins around 3000 mbsl, due to the adiabatic heating created by the pressure increase
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(Jamieson et al., 2010). Salinity at the bottom of the trenches remains around 34-35 ppm, and
overall, with the exception of hydrostatic pressure, the physical characteristics of the trenches

do not differ sharply from those of the abyssal zone.

2.1.3.1. Atacama and Kermadec trenches

Part of this manuscript will be dedicated to the study of microbial communities found in the
sediments of the Atacama and Kermadec trenches. These trenches will be shortly introduced

here.

The Peru-Chile trench system extends for about 5900 km with a width of 100km off the coast
of Chile (Fig. 3B). The Atacama trench is one of the deepest parts of this system, reaching
over 8000m in depth, and is located between 20° and 30°S, about 160 km away from the coast
(Danovaro et al., 2003).

The Kermadec trench is located in the southwestern part of the Pacific Ocean, north-east of
New Zealand’s northern island (Fig. 3A). It forms a near linear system with the Tonga trench
to the north, from which it is separated by the Louisville Seamount Ridge (Jamieson, 2015). It
extends for about 1000 km between 26° and 37°S, and is one of the deepest trenches on

Earth, reaching depths of more than 10 000m (Ballance et al., 1999).
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Figure 3: Geographic location of the hadal trenches of A) the southwest Pacific Ocean and

B) the southeast Pacific, Atlantic and Southern Oceans. (Jamieson, 2015)

2.2. Metabolic reactions in deep sea sediments

2.2.1. General diagenetic sequence

The physico-chemical characteristics of deep sea sediments can vary greatly from one
location to the next, with the thickness of the sediment layer varying from relatively thin near

newly formed crust at mid ocean ridges and under low-productivity zones of the ocean, to

29



INTRODUCTION

1000s of m thick at highly productive continental margins (Jahnke, 1996; Divins, 2003; Olson
et al., 2016).

The composition of sediments depends on the origin of the particulate matter that lands on
the seafloor, be it organic matter sinking from the ocean surface, terrestrial particles carried
by rivers to the open ocean, hydrothermal effluents, or wind-blown particles from land. Due to
this, the sediment particle size will also vary, which will affect transport of fluids and chemical
compounds inside the sediment layers. The transport of chemical compounds in marine
sediments mostly occurs via molecular diffusion against chemical gradients, which limits their
availability to microorganisms compared to more actively moved sites or matrices. In surface
sediments, bioirrigation and bioturbation by macrofauna enhance oxygen exchanges between

sediments and the overlying water column (Pischedda et al., 2008).

Generally, there is a discrimination between surficial sediments and deep or subsurface
sediments. Shallow sediments usually exhibit strong geochemical gradients and higher rates
of microbial activity while deep sediments display lower cell densities and more stable
gradients (Parkes et al., 1994; Wellsbury et al., 1997; D’Hondt et al., 2004). In both cases,

microorganisms rely on chemotrophy, obtaining energy from chemical redox reactions.

The most important substrate in most marine sediments is organic matter that is remineralized
by oxidation back to carbon dioxide. The rates of remineralization depend on the quantity and
guality of organic matter (its freshness, its origin, etc), and the availability of terminal electron
acceptors (Hedges et al., 1988; Canfield, 1994; Niggemann et al., 2007). Utilization of electron
acceptors tends to go from highest redox potential to lowest, following thermodynamic energy
yield (Froelich et al., 1979). Given that the availability of reactive compounds is limited by
deposition and diffusion, this results in a vertical redox stratification. This pattern of redox
processes occurring with depth in sediments is referred to as the diagenetic sequence (Fig 4

extracted from Parkes et al., 2014).
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The electron acceptor with highest redox potential is oxygen, produced in the photic zone
through photosynthesis then transported to depth via ocean mixing. It is used in the first layers
of sediments, the oxic zone, to respire organic matter (Froelich et al., 1979). This results in
production of ammonium through ammonification, which is partly aerobically oxidized by
nitrification, leading to the formation of nitrate. All of these compounds patrtially diffuse to the
bottom waters.

In sediments where oxygen is depleted, nitrate becomes the most favorable terminal electron
acceptor, and is involved in the processes of denitrification (nitrate reduction) and anaerobic
ammonium oxidation (anammox) after reduction to nitrite (Thamdrup, 2012). Both of these
processes end with production of dinitrogen and are thus sinks of nitrogen. This nitrate
reduction zone just below the oxic layers is sometimes referred to as the nitrogenous zone

(Canfield and Thamdrup, 2009).

The next step in the diagenetic sequence is the reduction of metal oxides, more particularly
manganese and iron compounds, in the next layers of the suboxic zone, proposed to be more
precisely renamed to the manganous and ferruginous zones (Canfield and Thamdrup, 2009).
Then comes the anaerobic sulfate reduction zone, or sulfidic zone, and finally the
methanogenic zone (Fig 4).

In the methanogenic zone, carbon dioxide, the final oxidized carbon product of organic matter
degradation and remineralization, is consumed during methanogenesis and other autotrophic
metabolisms such as acetogenesis (Wellsbury et al., 2002; Newberry et al., 2004; Parkes et
al., 2005; Hinrichs et al., 2006; Lever et al., 2010). Marine sediments are the largest reservoir
of methane on Earth (Kvenvolden, 1993), with a majority of marine methane being estimated
to come from reduction of CO2, carbon monoxide, acetate or formate by methanogenic
archaea (Orcutt et al., 2011).

Methane diffuses upward from the methanogenic zone, and is usually oxidized with sulfate
because it is the first electron acceptor that becomes available. Sulfate-dependent methane

oxidation happens in defined anoxic zones in marine sediments called sulfate-methane
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transition zones (SMTZ) and is one of the processes referred to as anaerobic methane
oxidation (AOM) (Devol et al., 1984; Iversen and Jorgensen, 1985; Hinrichs and Boetius,

2002).

Feating = 20'CKn

Figure 4: Schematic illustration of the metabolic processes taking place with depth in seafloor

sediments. (Parkes et al., 2014)

2.2.2. Organic matter input and oxygen penetration depth

Input of organic matter to seafloor sediments comes mainly from sinking particulate matter
generated in surface waters through primary production. During its transport through the water
column, it is altered and consumed by microbes, resulting in a lower percentage of labile
organic matter reaching the deep seafloor compared to shallower environments (Arndt et al.,
2013).

Typically, the open ocean overlying abyssal plains displays low primary production in the

surface waters, which, in combination with the great oceanic depth, leads to a low supply of
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organic matter to the sediments causing low cell densities and low rates of carbon
remineralization. This means that the oxygen present in the sediments will be consumed
slowly and diffuse deeper, staying the dominant terminal electron acceptor until deeper layers
(Glud, 2008). For example, the open ocean gyres such as the South Pacific Gyre (SPG) seem
to be particularly carbon- and nutrient-starved (D’Hondt et al., 2009).

Conversely, in highly active sediments where organic matter is not limiting, the rates of
remineralization depend on the availability of terminal electron acceptors that are consumed
faster than they are supplied, so burial of a larger percentage of the organic matter is observed.
In this case, oxygen is depleted quickly and disappears after the first few
millimeters/centimeters (reviewed in Glud, 2008; Wenzhofer et al., 2016).

For these reasons, the oxygen consumption rate is often used as a measure of biological

activity and benthic carbon mineralization in sediment layers (Nghr Glud et al., 1994).

2.2.3. Oxygen penetration depth in hadal and adjoining abyssal sediments of the

Atacama and Kermadec trenches

In addition to geographic location, hadal trenches can be distinguished by the surface primary
production of the water mass they are found under. The Atacama trench presented above is
situated in an area characterized by important upwelling events leading to very high primary
production levels (Fossing et al., 1995). The Kermadec trench region experiences lower
surface primary production levels, i.e. ~400 mg C.m-2.d-1 against ~900 mg C.m-2.d-1 in
Atacama in Glud et al's study (2021) corresponding to the sampling cruises presented in this
manuscript. The Atacama trench system is also located near the Chilean coastline and
subjected to transfer of material from the adjacent continental desert by winds. Measurements
of functional chlorophyll-a, phytodetritus and labile organic carbon deposited on its seafloor
sediments were of concentrations similar to those of highly productive shallow coastal areas

(Danovaro et al., 2003).
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There are major differences in organic matter input as well between hadal trenches and
abyssal plains. Firstly, the specific topography of trenches generates a funneling effect that
concentrates organic matter along the trench axis (Turnewitsch et al., 2014). Additionally, the
seismic activity associated with tectonic subduction zones can lead to the relocation of
important quantities of organic-rich surface sediments to the bottom of the trench through
mass-wasting events (Kioka et al., 2019).

These contrasting characteristics are reflected in in-situ measures of oxygen penetration depth
and uptake (Glud et al., 2021). While there are variations in activity along the trench axis,
benthic oxygen consumption is always higher inside the trench compared to the adjacent
abyssal plains. Differences in surface production are also echoed in the higher oxygen
consumption rates of the Atacama region compared to the Kermadec region, and of the

abyssal landward site compared to the “open ocean” abyssal site near the Atacama trench.

2.3. Microbial diversity in benthic sediments

2.3.1. Microbial cell counts

Microbial cell abundance in seafloor sediment varies between sites up to 5 orders of
magnitude. This variation is strongly correlated with sedimentation rate and distance from land
(Kallmeyer et al., 2012), highlighting the link between microbial biomass and organic carbon
input from vertical sources and lateral transport. Global abundance of Bacteria and Archaea
in seafloor sediments has been estimated to be on the order of 4.9 x 1028 cells in the benthic
layer (top 50 cm) and 2.9 x 10?° globally (Kallmeyer et al., 2012; Danovaro et al., 2015).

In the sediment column, the abundance of cells decreases logarithmically with increasing
sediment depth (Parkes et al., 2014). The cells appear to be alive and metabolically active,
but with very widely varying activity rates that are much lower than anything known through

cultivation (Schippers et al., 2005; Teske, 2005). In addition to this decrease in cell counts, a
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general decrease in microbial richness with sediment depth has been observed (Petro et al.,
2017). It is more pronounced for Bacteria than Archaea, possibly because the latter are more
adapted to the energy-limited conditions encountered in the deep seafloor. It seems clear that
Archaea play a prominent role in subsurface communities, and it has been suggested that
they even come to dominate deep oxic sediment communities of the lower bathyal and abyssal
zones (Biddle et al., 2006; Lipp et al., 2008; Vuillemin et al., 2019).

Microbial cell counts in hadal trench surface sediments have highlighted higher abundances
than in the adjacent abyssal sites, and interestingly no logarithmic decrease with sediment
depth. Instead, a number of subsurface peaks were observed, closely correlated with

fluctuations in total organic carbon content (Hiraoka et al., 2020; Schauberger et al., 2021a).

2.3.2. Community composition

Microbial communities of benthic sediments have been shown to be distinct from those of the
water column as well as subseafloor (Zinger et al., 2011; Bienhold et al., 2016; Walsh et al.,
2016). There is also a strong distinction between communities found in oxic and anoxic
sediments (Hoshino et al., 2020), as well as a stratification of community diversity with
sediment depth (Durbin and Teske, 2011; Hiraoka et al., 2020; Schauberger et al., 2021b),
probably related to the electron acceptor cascade described before.

As a result, large-scale trends in community composition at higher taxonomic level can be
observed. Oxic surficial sediment communities are mostly composed of bacterial lineages
Alpha-, Gamma-, and Deltaproteobacteria (Desulfobacterota in SILVA 138), Acidobacteria,
and Actinobacteria (Durbin and Teske, 2011; Orcutt et al., 2011; Bienhold et al., 2016).
Archaeal communities in these first layers are dominated by Thaumarchaeota (previously
Marine Group I; phylum Crenarchaeota, class Nitrososphaeria in SILVA 138).

Some of these groups, notably Alpha-, Gammaproteobacteria and Thaumarchaeota, are also
characteristic of deep water communities, and decrease in relative abundance with sediment
depth (Bienhold et al., 2016; Peoples et al., 2018; Lloyd et al., 2020). Instead, deeper in the

sediments, Chloroflexi, Planctomycetes and Atribacteria (OP9/JS1 group) become prominent
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lineages (Durbin and Teske, 2011; Bienhold et al., 2016; Vuillemin et al., 2020). A number of
uncultivated archaeal groups also become more abundant in deeper anoxic sediments,
including candidate phylum Bathyarchaeota (previously Miscellaneous Crenarchaeotic Group
MCG), Euryarchaeota and members of superphyla Asgard and DPANN, in particular
candidate phylum Woesearchaeota (Peoples et al., 2019; Hiraoka et al., 2020; Hoshino et al.,

2020; Schauberger et al., 2021b).

With the development of high-throughput sequencing methods, there has been an explosion
in the study of Archaea, leading to the description of several new phyla and super-phyla
(reviewed in Adam et al., 2017). Conversely, the number of isolates and newly described
archaeal species increased steadily but slowly, due to the specific challenges faced by
culturing approaches, for example very slow growth (Imachi et al., 2020). Naming and
classification of the ever-widening diversity of archaeal lineages over the years outside the
traditional framework and guidelines of cultured type strains has resulted in some confusion.
Recent efforts towards a standardized definition of the phylogeny and taxonomy of archaeal
taxa based on genomic data have been started and will be described in the last part of the

introduction for reference in the rest of the manuscript.

2.3.3. Diversity in surface sediments of hadal trenches

In benthic sediments of hadal trenches, phylum level patterns of diversity are overall the same
as described above. At this resolution, the influence of the high hydrostatic pressure
characteristic of hadal depths on community structure is unclear. However, zonation by
sediment depth and oceanographic realm (i.e. abyssal or hadal) is observable and reflects
geochemical conditions (sedimentation rate and redox stratification) (Hiraoka et al., 2020;
Schauberger et al., 2021b).

Peoples et al. (2019) and Schauberger et al. (2021b) compared the degree of endemicity

between the Mariana and Kermadec trench and the Atacama and Kermadec trench
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respectively. They both showed connectivity between the trenches, even at ASV level,
emphasizing the importance of oceanic depth over limitations on microbial dispersal and

differences in surface primary productivity.

2.4. Biogeographic patterns of the abyssal plains

2.4.1. General biogeographic patterns and processes

Biogeography is the study of the distribution of biodiversity over space and time: what
microorganisms can be found where and at what abundance, but also what processes shape
the patterns that can be observed (MacArthur and Wilson, 1967; Martiny et al., 2006). It
depends on the observation that spatial distribution of microorganisms across habitat types is
non-random (Cho and Tiedje, 2000; Oda et al., 2003).

Depending on the distribution of a microorganism, it can be categorized as ubiquitous, or
cosmopolitan, if it is widespread. Conversely, endemic species will have uneven distributions,
restricted to a particular location, region or habitat type. Allopatric species are species
occurring in separate and non-overlapping areas, while sympatric species share the same

environment.

At the ecological level, biogeographic patterns result from four main processes: selection,
diversification, dispersal, and drift (Vellend, 2010; Hanson et al., 2012; Nemergut et al., 2013).
Selection refers to the alteration of species relative abundance based on fitness differences
(ability to survive, grow and reproduce). This process is deterministic and can be influenced
by environmental biotic (e.g. competition, mutualism...) and abiotic factors (temperature, pH,
salinity...). The stochastic counterpart to selection is drift, the variation in species frequencies
owing to chance demographic fluctuations.

Diversification (or speciation in Vellend’s framework) is the introduction of new genetic

variation. Widely accepted as a stochastic process, its effects are difficult to detect and can
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be intertwined with the results of selection (Vellend et al., 2014; Mittelbach and Schemske,
2015).

Finally, dispersal is defined as the movement of organisms across space, to which is
sometimes added the successful establishment of a species in a new location (Hanson et al.,
2012). For microorganisms, this successful colonization is difficult to establish since it would
necessitate detection of metabolic activity. Thus, simple detection of the microorganism is
usually considered synonymous to establishment.

In the case of microorganisms, dispersal is considered to be mostly passive, and thus to be a
largely stochastic process (Zhou and Ning, 2017). However, some factors may influence
dispersal efficiency for specific taxa. Unlike for macroorganisms, size does not seem to
correlate with dispersal efficiency of microorganisms, but population density is an important
parameter (Martiny et al., 2006). A high abundance will mean that more propagules, the
smallest unit of dispersal necessary for microorganisms to colonize a new location, can be
transported, leading to a theoretically better chance to reach further habitats. Other factors
can impact the passive dispersal of microorganisms, such as habitat type, free water
microorganisms for example being more mobile than sediment communities, physical barriers
such as ridges, and the ability to form spores that increases organism resilience to transport
(Locey et al., 2020). In marine sediments, dormancy and endospore formation are common

(Woérmer et al., 2019).

Two important relationships usually examined are the taxa-area relationship (TAR) and the
distance-decay relationship (DDR). The TAR postulates that the bigger the sampling area is,
the higher the number of taxa detected will be (Horner-Devine et al., 2004). On the other hand,
the distance-decay relationship is the name given to the decay of community similarity with
geographic distance (Nekola and White, 1999; Whitaker, 2003).

This last pattern can be traced back to the four processes defined above, as shown by Hanson
et al. (2012). When selective factors are organized spatially, i.e. in a gradient, selection will

differentiate communities between locations. If dispersal of microorganisms is limited and
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cannot ensure homogenization, the slope of the DDR will be steeper, a phenomenon
reinforced by random drift processes happening at all locations. Finally, diversification
increases the variance in community similarity at all distances and lowers the height of the

DDR by increasing local genetic diversity.

In addition to the four processes detailed above, it is interesting to disentangle the influence
of historical legacies and of contemporary environmental factors in creating biogeographic
patterns. Historical effects result from the application of all previously detailed processes, but
are visible as distance effects where genetic isolation is maintained through dispersal limitation
(Martiny et al., 2006). It is thus possible to disentangle historical and contemporary influences
by observing the evolution of community similarity with geographic distance and with

environmental distance.

Finally, when investigating geographic variations in community structure, it is also useful to
investigate the variation of microbial community composition in terms of functional structure
and taxonomic variation within functional groups. Functional structure is expected to be more
likely influenced by environmental conditions whereas taxonomy might result more from
biogeographic history, biotic interactions, and stochastic processes (Green et al., 2008; Raes

etal., 2011).

2.4.2. Biogeography of deep sea benthic sediments

Abyssal plains are a rather uniform environment in terms of low temperature, high hydrostatic
pressure, absence of light, low supply of organic matter and low permeability of the sediments.
As stated before, phylum-level patterns of diversity in benthic sediments seem to reflect the
existence of a core deep sea sediment microbiome, distinct from other deep sea environments
(Orcutt et al., 2011; Walsh et al., 2016). However, studies of benthic community structure at

finer taxonomic scale have shown clear geographic structuration at local and regional scale
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(Jacob et al., 2013; Buttigieg and Ramette, 2015; Liu et al., 2020; Li et al., 2021). At global
scale, Bienhold et al. (2016) have shown the existence of a core community of a few very
abundant organisms, while the rare taxa exhibited a high degree of endemism. In agreement
with this observation, they also highlighted a positive range-abundance relationship. Finally,
they observed a distance-decay relationship, illustrating a lack of dispersal and mixing for
populations of deep sea sediments over large scales.

Environmental factors shaping microbial communities were often found related to energy
availability, such as bathymetric depth or indicators of productivity regimes, e.g. total organic
carbon content or phytodetrital pigment concentrations (Jacob et al., 2013; Buttigieg and

Ramette, 2015; Bienhold et al., 2016).

In addition to these patterns and as mentioned above, microbial communities display a strong
stratification with sediment depth. A number of studies have focused on the processes
responsible for this vertical distribution of sedimentary microorganisms, and have suggested
that subseafloor community assembly starts in the very first layers of sediment (Petro et al.,
2019), and that microorganisms inherited from the water column are subsampled through
selective survival (Walsh et al., 2016; Jochum et al., 2017; Petro et al., 2017; Starnawski et

al., 2017; Kirkpatrick et al., 2019; Marshall et al., 2019).
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3. Taxonomy of Archaea

3.1. Brief history

Relatively to the study of microorganisms, whose first observation can be traced back as far
as the 17th century, Archaea have only been very recently “discovered”. Originally called
“Archaebacteria” (Woese and Fox, 1977), they were proposed as the third domain of life under
their current name by Woese et al. (1990). Then thought to be divided between Euryarchaeota
and Crenarchaeota, description of their wide diversity is still ongoing.

The first complete genome of an archaea, Methanococcus jannaschii, was published in 1996
by Bult et al.. From the 1990s on, most of the detection of unknown archaeal diversity was
achieved through environmental surveys and culture-independent approaches, since
cultivation of archaeal organisms proved challenging (reviewed in Sun et al., 2019; Baker et
al., 2020). New phyla were proposed over the years such as Nanoarchaeota (Huber et al.,
2002a), Korarchaea (Barns et al., 1994; Elkins et al., 2008), and Thaumarchaeota (Brochier-
Armanet et al., 2008). These descriptions served to revise and amend the archaeal tree of life
(Fig. 5). The proposed and putative phyla were split between phylum Euryarchaeota and three
superphyla: Asgard (Zaremba-Niedzwiedzka et al., 2017), DPANN (Rinke et al., 2013;
Castelle et al., 2015; Castelle and Banfield, 2018), and TACK (also called Proteoarchaeota)
(Guy and Ettema, 2011; Petitjean et al., 2015).

Description of new archaeal lineages is still ongoing at an important rate, as shown by the
recent reconstruction of 15 MAGs belonging to new putative phylum Brockarchaeota (De Anda
et al., 2021). In the same way, a high number of archaeal clades are represented only by
MAGs or SAGs (Single-cell assembled genomes), or even in some cases only by 16S
sequences (Spang et al., 2017). Indeed, when considering both Archaea and Bacteria, the
phylogenetic diversity of uncultivated microorganisms has been estimated to make up for more

than 85% of known microbial diversity (Rinke et al., 2013).
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Figure 5: Evolution of the archaeal tree of life over the years. (Spang et al., 2017)

3.2. Recent discussions around archaeal taxonomy

Recently, an important conversation regarding the nomenclature and taxonomy of

uncultivated microorganisms has been started (Hugenholtz et al., 2021).

Originally inheriting from traditional practices of basing taxonomy on phenotypic

characteristics, the end of the 20th century saw a shift towards genetic information as the

basis to attempt reconstruction of evolutionary relationships between species and thus infer

phylogenetic placement and taxonomic affiliation (Lane et al., 1985; Olsen and Woese, 1993).

Currently, the standards of definition of a microbial name require that it be attributed only to

taxon represented by a type strain (cultured isolate) (Parker et al., 2015). This means that the

wealth of genomic sequences added to the databases, much faster than single strains can be
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isolated and characterized, are used to refine phylogenetic trees, but do not receive names
cohesive with the International Code of Prokaryotes and universally accepted.

In March 2020, the International Committee on Systematics of Prokaryotes rejected the use
of sequence data as type material for naming prokaryotes (Sutcliffe et al., 2020). Arguments
against this proposal included the lack of uniformly applied genome quality standards, the
absence of observed phenotypic traits, and the potential for disorganized nomenclature
(Bisgaard et al., 2019; Overmann et al., 2019). Another option put forward was the definition
of a separate nomenclatural code for uncultivated Bacteria and Archaea (Murray et al., 2020).
Parks et al. (2018) developed the Genome Taxonomy Database (GTDB) in an attempt to
extract phylogenetic information from as many high-quality genome sequences as possible,
both from cultured and uncultivated taxa, and to propose a standardized approach to
taxonomy. Originally limited to Bacteria, the GTDB was later expanded to include both
Bacteria and Archaea (Parks et al., 2020; Rinke et al., 2021). A comparison of the proposed
archaeal taxonomy with NCBI phylum affiliations is presented in Fig. 6 extracted from Rinke

et al. (2021).
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Figure 6: Rank normalized archaeal GTDB taxonomy proposed by Rinke et al. (2021). The
dark blue ring illustrates the defined phyla, and the orange ring corresponds to the r89 NCBI
phyla with two or more taxa. Light blue clades indicate the classes, and are labeled if they

contain more than 10 taxa. The scale bar indicates 0.1 relative evolutionary divergence (RED).

The following abbreviations are used: Bat (Ca. Bathyarchaeota), M (Ca. Marsarchaeota), V

(Ca. Verstraetearchaeota), T (Ca. Thorarchaeota),

L (Ca. Lokiarchaeota), H (Ca.

Heimdallarchaeota), Woe (Ca. Woesearchaeota), P (Ca. Parvarchaeota), N (Nanoarchaeota),

Nh (Ca. Nanohaloarchaeota), A (Ca. Aenigmarchaeota), M (Ca. Micrarchaeota), D (Ca.
Diapherotrites).

Rinke et al. proposed 16 archaeal phyla based on 122 concatenated conserved single copy

marker proteins and normalized ranks. Interestingly, the DPANN superphylum was split

between 9 phyla while the Asgard and TACK superphyla were reclassified as single phyla,

with proposed names Asgardarchaeota and Thermoproteota. This entailed a reclassification

44



INTRODUCTION

of Thaumarchaeota as a class-level lineage, named Nitrososphaeria after the validly defined
lineage of Nitrososphaera viennensis (Stiegimeier et al., 2014) (Fig. 7, extracted from Rinke

et al., 2021).

In the most recent version of the SILVA database (Quast et al., 2013), SILVA v138 released
in December 2019, the GTDB classification was used as an additional resource for taxonomy
curation. However, this curation was based on a previous iteration of the GTDB and SILVA
138 includes only the following 15 archaeal phyla: Aenigm-, Alti-, Asgard-, Cren-, Eury-, Had-
, Hydrotherm-, lain-, Kor-, Micr-, Nano-, Nanohaloarchaeota, Thermoplasmatota,
Halobacterota and uncultured. In this iteration, the name Crenarchaeota has been used as a
placeholder name for the TACK superphylum, to the exception of Korarchaea, which might be
confusing because of the history of domain Archaea. Class Nitrososphaeria has been adopted
by the SILVA database as well, though some specific clades with non-systematic names were
not renamed.

In the following work, we relied on SILVA 138 and the GTDB for taxonomic assignment and
phylogenetic placement, in an attempt to take advantage of the most recent databases. We
thus used the proposed names in the text for consistency, but we tried to provide context for

these yet unusual designations.
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Figure 7: Reclassification of Thaumarchaeota members proposed by Rinke et al. (2021).
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OVERVIEW AND OBJECTIVES

Study and characterization of deep-sea ecosystems has been the subject of strong interest in
the last decades thanks to the development of pressure-resistant equipment and the
revolution brought by NGS and cultivation-independent approaches.

Deep sea sediments constitute one of the largest habitats on Earth, and are hypothesized to
be treasure troves of undiscovered taxonomic and functional microbial diversity. The benthic
zone, the first few layers of seafloor sediment, are of particular interest because of their crucial
role in biogeochemical cycles through early diagenesis of sinking organic matter and their
position at the interface between pelagic and subsurface communities. However, a big part of
deep sea research focuses on hotspots of diversity such as hydrothermal vents and cold
seeps, so benthic communities are still sparsely described. It is thus important to characterize
these environments, especially since they are or will be subjected to anthropogenic direct and
indirect impacts, through plastic pollution, deep sea mining or changes in ocean

biogeochemistry as a result of climate change.

The “Pourquoi pas les Abysses ?” project was developed by Ifremer starting in 2016 to make
use of the possibilities offered by NGS and environmental DNA sequencing to bring light to
the biodiversity of “the last frontier on Earth”. In the scope of this project, this PhD aimed at
studying the bacterial and archaeal diversity found in benthic ecosystems of the deep ocean

and the specificities of microbial life in these extreme conditions.

The first part of this thesis, in collaboration with Miriam Brandt, was dedicated to the
establishment of standardized protocols for deep sea sedimentary diversity exploration
through environmental DNA sequencing. The first three methodological studies presented
here, part of Miriam Brandt's PhD work, served to define appropriate sampling techniques,

extraction methods, and bioinformatic pipeline to assess the diversity of benthic Bacteria,
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Archaea, Protista and Metazoa. The last methodological study, original to this work, compared
four molecular approaches to access the taxonomic diversity of benthic Archaea:
metabarcoding with universal or domain-specific primers, SSU rRNA sequences extracted

from unassembled metagenomic data, and single copy core gene profiles.

In the second part of this work, the methods implemented above served to characterize the
microbial communities at the transition between the Mediterranean Sea and Atlantic Ocean
along a longitudinal gradient. We explored biogeographic patterns, and the influence of
historical and contemporary processes on community structure.

Finally, the last part of this thesis focused on the archaeal diversity found in samples collected
during the first year of this PhD from two hadal trenches in the southern Pacific Ocean. In
Chapter 3, we conducted a general taxonomic characterization of Archaea in this environment
through co-occurrence network analysis, and identified putative associations of the members
of the presumed symbiotic order Woesearchaeales (Ca. phylum Woesearchaeota). In Chapter
4, we used a metagenomic approach to reconstruct 53 MAGs affiliated to Thaumarchaeota
(class Nitrososphaeria in the GTDB). We investigated the clade-level distribution of these
populations in the abyssal and hadal zone with increasing depth in the sediments and relied

on gene-level variability to explore possible selective pressures.
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OBJECTIFS DE LA THESE

Un fort intérét a été porté a I'étude et la caractérisation des écosystémes marins profonds ces
derniéres décennies grace au développement d'équipements résistants a la pression
hydrostatique et a la révolution amenée par les techniques de séquengcage massif nouvelle
génération.

Les sédiments marins profonds constituent I'un des plus grands habitats sur Terre, et
renferment, selon toute vraisemblance, une importante diversité taxonomigue et fonctionnelle
encore inconnue. La zone benthique, constituée des premieres couches de sédiments des
fonds marins, présente un attrait particulier & cause de son role crucial dans les réles
biogéochimiques a travers les premiéres étapes de la diagénése, et a cause de sa localisation
a linterface entre les communautés pélagiques et les communautés de subsurface.
Cependant, une part importante de la recherche sur les fonds marins se concentre sur les
« hotspots » de diversité que constituent les cheminées hydrothermales ou les suintements
froids, et les communautés benthiques sont encore peu décrites. Il est donc important de
caractériser ces environnements, d’autant plus qu’ils sont ou seront impactés par les activités

anthropiques, de fagon directe ou indirecte, a travers la pollution plastique, I'extraction miniere

sous-marine ou les variations de biogéochimie de 'océan résultant du changement climatique.

Le projet « Pourquoi pas les Abysses ? » a été développé par I'lfremer a partir de 2016 dans
le but de tirer parti des possibilités offertes par le séquencage massif de I'ADN
environnemental pour mettre en lumiére la biodiversité de cette « derniére frontiére sur
Terre ». Dans le cadre de ce projet, cette thése a eu pour but d’étudier la diversité bactérienne
et archéale des écosystémes benthiques de I'océan profond et les spécificités de la vie

microbienne dans les conditions extrémes qui les caractérisent.
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La premiére partie de cette thése, en collaboration avec Miriam Brandt, a été consacrée a la
mise en place de protocoles standards pour I'inventaire de la biodiversité sédimentaire via le
séquencage d’ADN environnemental. Les trois premiéres études méthodologiques
présentées ici, réalisées dans le cadre de la thése de Miriam Brandt, ont servi a définir les
méthodes appropriées d’échantillonnage, d’extraction et d’analyse bioinformatique pour la
description de la diversité benthique des Bactéries, Archées, Protistes et Métazoaires. La
guatrieme et derniére étude méthodologique, réalisée pour ce travail de these, a permis de
comparer quatre méthodes moléculaires pour accéder a la diversité taxonomique des Archées
benthiques : le métabarcoding a I'aide d’amorces universelles ou spécifiques des Archées,
'extraction de séquences d’ARNr SSU a partir de données métagénomiques brutes, et les

profils de génes centraux a copie unique.

Dans la seconde partie de ce travail de thése, les protocoles standards résultant des études
techniques ont été appliqués a la caractérisation des communautés microbiennes de la
transition entre Méditerranée et Atlantique suivant un gradient longitudinal. Nous avons ainsi
exploré les schémas biogéographiques et l'influence des processus contemporains et
historiques sur la structure des communautés.

Enfin, la derniére partie de cette thése a été consacrée a I'étude de la diversité archéenne
présente dans les échantillons issus de deux fosses hadales du Pacifique Sud, collectés
pendant la premiére année de doctorat. Dans le Chapitre 3, nous avons réalisé une
description taxonomique générale des Archées de cet environnement a l'aide de I'analyse
d’'un réseau de cooccurrence, et nous avons identifié des associations putatives impliquant
les membres de [lordre présumé symbiotique Woesearchaeales (Ca. Phylum
Woesearchaeota). Dans le Chapitre 4, nous avons utilisé une approche métagénomique pour
reconstruire 53 MAGs affiliés aux Thaumarchées (classe Nitrososphaeria dans GTDB). Nous
avons examiné la distribution par clade de ces populations dans les zones abyssale et hadale,
a travers les premiéres couches de sédiments, et nous sommes appuyés sur la variabilité

génique pour explorer les possibles pressions de sélection rencontrées.
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CHAPTER 1

Defining standardized methods
for the study of benthic prokaryotic

and eukaryotic diversity
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CHAPTER 1

Context of this work and personal contribution

Metabarcoding is a fairly standard practice in microbiology for the study of environmental
communities. However, due to the wider scope of the “Pourquoi pas les Abysses ?” project, it
was necessary to define standardized methods for the characterization of benthic diversity of
multiple biotic compartments: metazoans, protists, Bacteria and Archaea.

The first three papers presented in this chapter were published by Miriam Brandt as part of
her PhD dissertation. They aimed at finding methodological trade-offs for the reliable
characterization of each biotic compartment without compromising comparability between
datasets. | was involved in the bioinformatic and statistical analyses, which | ran for the 16S
metabarcoding datasets in these three studies. | also took part in the implementation and
testing of the bioinformatic pipeline described in part 3 of this chapter, and participated in the
writing of the final papers.

Finally, | performed most of the work presented in the fourth study with the help of Feriel
Bouderka during her Masters 1 and 2 internships, with the exception of part of the extraction

and sequencing steps.
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CHAPTER 1

1. Evaluating sediment and water sampling methods for the
estimation of deep-sea biodiversity using environmental
DNA

Résumé de l'article en francais

La biodiversité présente dans les sédiments des fonds marins est encore peu caractérisée,
malgré I'étendue de cet habitat sur notre planéte. Le séquengcage de I'ADN extrait
d’échantillons environnementaux, et en particulier le métabarcoding, offre des perspectives
trées intéressantes pour la caractérisation rapide et a grande échelle de la diversité
taxonomique présente dans un échantillon. Cependant, pour étre reproductible, cette
approche nécessite des méthodes d’échantillonnage standardisées et un choix attentif du
substrat environnemental. L’étude présentée ici a pour but d’optimiser la caractérisation des
communautés procaryotes (16S), protistes (18S V4) et métazoaires (18S V1-V2, COI), en
comparant différentes stratégies d’échantillonnage des sédiments et de I'eau superficielle
déployées simultanément au niveau d’un site sur le plateau continental.

En ce qui concerne le sédiment, pour tous les marqueurs étudiés, le tri de tailles par tamisage
n’a pas eu d'effet significatif sur la diversité alpha détectée ou les profils taxonomiques au
niveau du phylum. Il a en revanche permis d’augmenter la détection des phyla de la
méiofaune.

Pour I'eau superficielle, les larges volumes obtenus avec la pompe in situ (~6000 L) ont généré
une détection plus importante de la diversité des métazoaires que les boites d’échantillonnage
de 7.5 L. Cependant, cette pompe étant restreinte a de grandes tailles de filtres (> 20 um),
elle n’a permis de capturer qu’'une fraction de la diversité microbienne, tandis que les boites
d’échantillonnage donnent accés au pico- et nanoplancton. En outre, les communautés de

I'eau affleurant le sédiment différent significativement des communautés sédimentaires, quel
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CHAPTER 1

gue soit le volume filtré, et seuls 3 a 8% des unités moléculaires sont partagés entre les deux
types d’échantillons.

Dans I'ensemble, ces résultats démontrent que le tamisage des sédiments marins peut
permettre une meilleure caractérisation des communautés métazoaires benthiques, et que
I'eau superficielle n’est pas une alternative a I'échantillonnage des sédiments pour l'inventaire

de la diversité benthique.
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Evaluating sediment

and water sampling methods

for the estimation of deep-sea
biodiversity using environmental
DNA

Miriam I. Brandt**?, Florence Pradillon?, Blandine Trouche?, Nicolas Henry*,
Cathy Liautard-Haag?, Marie-Anne Cambon-Bonavita3, Valérie Cueff-Gauchard?,
Patrick Wincker?®, Caroline Belser®, Julie Poulain®, Sophie Arnaud-Haond*™ & Daniela Zeppilli?

Despite representing one of the largest biomes on earth, biodiversity of the deep seafloor is still
poorly known. Environmental DNA metabarcoding offers prospects for fast inventories and surveys,
yet requires standardized sampling approaches and careful choice of environmental substrate. Here,
we aimed to optimize the genetic assessment of prokaryote (16S), protistan (185 V4), and metazoan
(18S V1-V2, COIl) communities, by evaluating sampling strategies for sediment and aboveground
water, deployed simultaneously at one deep-sea site. For sediment, while size-class sorting through
sieving had no significant effect on total detected alpha diversity and resolved similar taxonomic
compositions at the phylum level for all markers studied, it effectively increased the detection

of meiofauna phyla. For water, large volumes obtained from an in situ pump (~ 6000 L) detected
significantly more metazoan diversity than 7.5 L collected in sampling boxes. However, the pump
being limited by larger mesh sizes (>20 pm), only captured a fraction of microbial diversity, while
sampling boxes allowed access to the pico- and nanoplankton. More importantly, communities
characterized by aboveground water samples significantly differed from those characterized by
sediment, whatever volume used, and both sample types only shared between 3 and 8% of molecular
units. Together, these results underline that sediment sieving may be recommended when targeting
metazoans, and aboveground water does not represent an alternative to sediment sampling for
inventories of benthic diversity.

Environmental DNA (eDNA) metabarcoding is an increasingly used tool for non-invasive and rapid biodiver-
sity surveys and impact assessments. Using high-throughput sequencing (HTS) and bioinformatic processing,
target organisms are detected using their DNA directly extracted from soil, water, or air samples'. Covering
more than 50% of Planet Earth, the deep seafloor is mostly comprised of sedimentary habitats, characterised by
a predominance of small organisms** difficult to identify based on morphological features®, and by high local
and regional diversity>~”’. Given its increased time-efficiency and its wide taxonomic applicability, eEDNA meta-
barcoding is thus a good candidate for large-scale biodiversity surveys and Environmental Impact Assessments
in the deep-sea biome.

Size-class sorting such as sieving or elutriation is usually performed on sediment samples in order to split the
organisms by size and facilitate morphological characterization of meiofauna and macrofauna. For metabarcod-
ing approaches, it also has the advantage of limiting the over dominance of large organisms, which may produce
higher amounts of DNA template, resulting in an incomplete detection of small and abundant taxa. However,
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sieving requires large volumes of sediment, is very time-consuming, and previous studies have found that the
use of non-sieved material does not significantly alter metazoan diversity patterns®, suggesting that dominance
of large (and often rare) taxa in the DNA extract does not result in important biases. Besides, for logistic reasons,
the use of non-sieved sediment samples is preferable to (1) minimize on-board processing time, (2) minimize
risks of contamination, and (3) facilitate other future applications (e.g., avoid RNA degradation, avoid losing
the extracellular DNA compartment).

Finally, studies from various marine habitats have reported that benthic taxa could be found in aboveground
water (overlying water layer to 6.5 m above seafloor), possibly due to sediment resuspension and transport, but
also to active dispersal®'". Application of eDNA metabarcoding on deep-sea aboveground water could thus be
a convenient alternative to surface sediment collection, as it involves simplified sample processing and shipping,
while additionally allowing investigating benthopelagic diversity and dispersal capacities of benthic organisms.
However, distance above seafloor has been variable (0.5-6.5 m) among studies® !}, and so has the water volume
sampled (12-1000 L). As the latter is a crucial aspect for efficient species detection'?, it remains unclear whether
small volumes (< 10 L) are sufficient to obtain comprehensive species inventories in the deep-sea.

To evaluate the effect of sampling strategy on eDNA metabarcoding inventories targeting prokaryotes (16S
V4-V5), unicellular eukaryotes (18S V4), and metazoans (18S V1-V2, COI) from deep-sea sediment and above-
ground water, we compared biodiversity inventories resulting from (1) sieved versus unsieved sediment and (2)
on-board filtration of 7.5 L of water collected with a sterile sampling box versus in situ filtration of large volumes
(~6000 L) using a newly-developed pump.

Results

High-throughput sequencing results. A total of 26 million COI reads, 19 million raw 18S V1-V2 reads,,
14 million 18S V4 reads, and 17 million 16S V4-V5 reads were obtained from three Illumina HiSeq runs of
amplicon libraries built from pooled triplicate PCRs of 22 environmental samples, 2 extraction blanks, and
4-6 PCR blanks (Supplementary Table S4 online). The in situ pump yielded less raw reads for COI and 16S
(Supplementary Fig. S1 online, F=4.02-14.4, p=0.0003-0.03), while more raw reads were recovered from both
water sampling methods with 18S V4 (F=6.5, p=0.007). Water samples generally yielded fewer raw clusters
(F=5.1-35.1, p=3.2x 1075-0.02), except for 18S V4 where numbers were comparable across sample types (Sup-
plementary Fig. S1 online).

Bioinformatic processing (quality filtering, error correction, chimera removal, and clustering for metazoans)
reduced read numbers to 20 million for COI, 12 million for 18S V1-V2, 11 million for 18S V4, and 10 million
for 16S V4-V5, resulting in 10,351 and 17,608 raw OTUs for COI and 18S V1-V2 respectively; 35,538 raw 18S
V4 ASVs, and 62,646 raw 16S ASVs (Supplementary Table S4 online). For eukaryote markers, 17-55% of the
raw reads remained in PCR blanks after bioinformatic processing, while 50-75% remained in extraction blanks
and 52-87% in true samples. In contrast, with 16S, these values were at 87% for PCR blanks, 67% for extraction
blanks, and 29-73% for true samples. Thus, negative control samples accounted for 7-13% of bioinformatically
processed reads with eukaryotes, compared to 27% with prokaryotes. The vast majority of 16S reads generated
by negative controls belonged to a common contaminant of Phusion polymerase kits, which is well amplified in
low concentration samples such as negative controls. These reads however accounted for < 1% of 16S ASVs. After
data refining (decontamination, removal of all control samples and of all unassigned or non-target clusters),
rarefaction curves showed a plateau was reached for all samples except in situ pump samples with microbial loci
and sediment samples with 18S V4, suggesting that not all protist and prokaryote diversity was captured at this
sequencing depth in these samples (Supplementary Fig. S1 online). Refined datasets contained 7 million reads for
prokaryotes and between 4.8 and 8.5 million target reads for eukaryotes, delivering 38,816 prokaryote ASVs (16S
V4-V5), 8031 protist ASVs (18S V4), and 2,319 (COI) and 1,460 (18S V1-V2) LULU curated metazoan OTUs
(Table S4). For COL while only 1.2% of metazoan OTUs were unassigned at phylum-level, 57% had BLAST hit
identities < 80%, i.e. unreliable at phylum-level. For 18S, 7% (18S V4) to 16% (18S V1-V2) of final ASVs/OTUs
were unassigned at phylum-level, but only 12% (18S V4) and 13% (18S V1-V2) had BLAST hit identities < 86%.
For 168, 0.9% and 3% of ASVs had no or unreliable phylum-level assignments, respectively.

Alphadiversity between sampling methods. The number of recovered molecular clusters significantly
differed with sampling method, water samples detecting less diversity than sediment samples for metazoans
and prokaryotes (COL: F=20.1, p=4.4x107°, 185 V1-V2: F=6.5, p=0.01, 16S: F=56.0, p=3x1077), but both
sample types recovering similar levels of protist diversity (18S V4: F=2.9, p=0.07, Fig. 1). Sieved and unsieved
sediment resulted in statistically comparable total cluster numbers in all loci investigated (Table 1) although, for
metazoans detected with 18S V1-V2, this lack of significance was likely due to the very low yield observed in
one sieved sample (PL11), as the other sieved samples detected considerably more OTUs (Fig. 1). For metazoans
detected with COI, sieved samples tended to detect less OTUs although being based on larger sediment volumes
(pool of 5 DNA extracts). The number of total recovered OTUs did not differ significantly between the water
sampling box and the in situ pump for metazoans (COI, 185 V1-V2), but differences were observed for unicel-
lular eukaryotes (18S V4) and prokaryotes (16S V4-V5) depending on the sampling box size fraction (Table 1),
with the smallest fraction (0.2-2 pum) detecting more ASVs (Fig. 1).

Differences in total recovered diversity were not solely a result of differences in sample volume. Indeed, sieved
samples, based on 3-6 times more sediment, did not consistently detect more diversity (Fig. 1). Similarly, the
in situ pump, although sampling ~ 800 times more water than the sampling box, did not consistently detect more
diversity than any size fraction of the sampling box (Fig. 1).

Recovered diversity among sample types strongly differed depending on phylum (Fig. 2). For metazoans, water
samples led to the detection of significantly higher numbers of OTUs than sediment samples for Arthropoda,
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Figure 1. Numbers of metazoan OTUs (COI, 18S V1-V2), unicellular eukaryote (18S V4) and prokaryote

(16S V4-V5) ASVs recovered by deep-sea sediment (brown) and aboveground water (blue), using for each
sample type two sampling methods based on varying amounts of starting material. Sediment was either sieved
through 5 mesh sizes to size-sort organisms prior DNA extraction, or DNA was extracted directly from crude
sediment samples. Water was collected with a 7.5 L sampling box, allowing recovery of up to two size classes per
taxonomic compartment, or sampled in large volumes with an in situ pump. Cluster abundances were calculated
on rarefied datasets.

Chordata (COI, t-tests, p=0.006-0.01) and Mollusca (18S V1-V2, t-test, p=0.03), and some phyla like Brachi-
opoda, Ctenophora, Echinodermata, or Gastrotricha, were only detected in water samples (Fig. 2). In contrast,
phyla such as Platyhelminthes, Porifera (COI, 18S V1-V2, t-tests, p=0.001-0.04), Kinorhyncha, Nematoda,
Tardigrada, or Xenacoelomorpha (18S V1-V2, t-tests, p=0.001-0.04) produced significantly more OTUs in
sediment than water samples (Fig. 2). Similarly, some protistan groups, such as the Acantharea, Chlorophyta,
Dinophyceae, or Syndiniales (t-tests, p=0.002-0.03) were predominant in water samples (Supplementary Fig. S2
online), while others were significantly more diverse in sediment, e.g., Apicomplexa, Filosa groups, Ciliophora,
Labyrinthulea, RAD-B (t-tests, p=0.001-0.04). For prokaryotes, most lineages were predominant in sediment
(t-tests, p=2.2x1077-0.02, e.g., Archaea, Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Delta-,
Gamma-proteobacteria, Gemmatimonadetes, Latescibacteria, Hydrogenedentes, Nitrospirae, Planctomycetes),
and only Cyanobacteria were significantly more diverse in water samples (t-test, p=0.001).

For sediment, recovered levels of alpha diversity among sampling methods also varied by phyla and organism
size class (Fig. 2). For meiofauna phyla, best detected with 18S V1-V2, more OTUs were detected from sieved
than from unsieved sediment (Kinorhyncha, Nematoda, Platyhelminthes, Rotifera, Tardigrada, Xenacoelomor-
pha), although this difference was not significant, likely due to the low sample size. However, differences in alpha
diversity among sampling methods were not only a result of differences in sample volume, as some unsieved
samples yielded similar or greater numbers of OTUs than sieved samples for many phyla (Supplementary Fig. S3
online). Sieved and unsieved sediment detected comparable ASV numbers in most microbial groups, except
the Chrysophyceae, Actinobacteria, Cyanobacteria, Gammaproteobacteria, Nanoarchaeaeota (Supplementary
Fig. S2 online, paired t-tests, p=0.02-0.04).

Water sampling methods strongly differed in terms of recovered alpha diversity depending on taxonomic com-
partment. The in situ pump generally detected more metazoan diversity than the sampling box, and phyla such
as Brachiopoda, Ctenophora, and Echinodermata were only detected by the pump (Fig. 2). However, the in situ
pump detected significantly more ASV's than the sampling box only in some taxonomic groups for protists (Bacil-
lariophyta, Oomycota, Phaeodarea) and prokaryotes (e.g., Bacteroidetes, Chlamydiae, Firmicutes, Tenericutes,
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s Cluster richness Community differentiation
Pairwise

comparison COI 188 V1-V2 |18SV4 |16SV4-V5 | COI 18S V1-V2 18S V4 16S V4-V5

Not sieved/
Sieved*

0.26 0.64 0.99 1.0 0.4,R*=0.22 0.1, R*=0.22 0.1,R?=0.26 0.1, R?=0.42

Sampling
box 0.2-2 um/ | na na 0.26 <0.0001 na na 0.1,R?=0.64 | 0.1, R*=0.87
not sieved*

Sampling
box 2-20 um/ <0.0001 |0.10 0.63 <0.0001 0.1, R?=0.51 0.1, R”?=0.46 0.1, R?=0.57 0.1, R?=0.89
Not sieved*

Sampling
box>20 um/not | <0.0001 | na na na 0.1, R2=0.50 na na na
sieved*

Sampling
box 0.2-2 pm/ na na 0.10 <0.0001 na na 0.1, R*=0.56 0.1, R?=0.88
sieved*

Sampling
box 2-20 pm/ 0.01 0.02 0.86 <0.0001 0.1, R?=0.44 0.1, R*=0.43 0.1, R?=0.49 0.1, R?=0.89
sieved*

Sampling
box>20 pm/ 0.0001 na na na 0.1, R?=0.41 na na
sieved*

In situ pump/

. <0.0001 |0.13 0.99 <0.0001 0.01,R>=0.32 | 0.01,R*=0.29 |0.02,R?=0.45 | 0.01,R*=0.78
not sieved

In situ pump/

sieved 0.0001 0.002 1.00 <0.0001 0.01, R*=0.28 | 0.01, R*=0.28 | 0.01, R*=0.38 | 0.007, R?=0.78

Sampling
box 0.2-2 pm/in | na na 0.04 1.0 na na 0.03,R2=0.49 | 0.04, R>=0.74
situ pump

Sampling
box 2-20 um/in | 0.99 0.70 0.79 0.001 0.03,R?=0.25 | 0.03,R*=0.25 |0.04,R*=0.43 | 0.04,R*=0.59
situ pump

Sampling
box>20 um/in 0.10 na na na 0.04,R=0.21 na na na
situ pump

Sampling
box 0.2-2 pm/
Sampling
box 2-20 um*

na na 0.03 0.007 na na 0.3, R*=0.47 0.3,R?=0.89

Sampling

box 0.2-2 um/
Sampling
box>20 um*

na na na na na na na na

Sampling
box 2-20 pm/
Sampling
box>20 um*

0.26 na na na 0.3, R?=0.45 na na na

Table 1. Effect of sampling method on cluster richness and community structure for the 4 studied genes.
Pairwise comparisons of ANOVAs of ASV/OTU richness performed using rarefied datasets. Pairwise
PERMANOVAs were performed on rarefied datasets using Jaccard distances for metazoans and Bray—Curtis
distances for 18S V4 and 16S V4-V5. Significance was evaluated by permuting 999 times when possible, and
comparisons where this was not possible are marked by *. Significant p values are in bold. R% R-squared.

Lentisphaerae, and Delta-, Gammaproteobacteria, see Supplementary Fig. S2 online, t-tests, p=9x 107°-0.003).
Other clades were significantly more diverse in the sampling box (e.g., the protist groups Haptophyta, Pico-
zoa, Telonemia, and the Cyanobacteria, t-tests, p =0.002-0.02). With the sampling box, the smallest size frac-
tion (0.2-2 um) allowed recovering more alpha diversity in all microbial groups than the larger size fraction
(2-20 pm). This difference was significant only for Chlorophyta, Labyrinthulea, Chloroflexi, and Verrucomicrobia
(paired t-tests, p=0.01-0.03), although non-significant comparisons may result from the limited number of
samples available. The two size fractions available with the sampling box for COI (2-20 pm, >20 pm) did not
reveal differences in diversity recovery with size class, as most phyla were detected equally well in both (Fig. 2).

Effect of sampling method on community structures. Community compositions significantly dif-
fered among sampling methods for all investigated loci (COI: pseudo-F=2.3, p=0.001; 185 V1-V2: pseudo-
F=2.3, p=0.001, 18S V4: pseudo-F=4.1, p=0.001, 16S: pseudo-F=18.3, p=0.001) and sampling method
accounted for 41-45% of variation among samples for metazoans (COI, 18S V1-V2), 60% for protists (18S V4),
and 87% for prokaryotes (16S5).

Pairwise PERMANOVAs showed that community structures differed most strongly among sample types
(water or sediment, R>=0.28-0.89), although not all pairwise comparisons were significant, likely due to the
limited number of samples available for the sampling box (Table 1). Relative taxonomic compositions revealed by
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Figure 2. Mean numbers (£ SE) of metazoan COI and 18S V1-V2 OTUs detected in target phyla for sediment
(brown) and water (blue), using two sampling methods for both sample types. Sediment was either sieved to

size-sort organisms prior DNA extraction, or DNA was extracted directly from crude sediment samples. Water
was collected with a 7.5 L sampling box, allowing recovery of two size classes, or sampled in large volumes with

an in situ pump. OTU numbers were calculated on rarefied datasets.

aboveground water samples differed from sediment samples, with higher proportions of arthropods, chordates,
annelids, and tunicates in the water samples, while nematodes, poriferans, platyhelminths, and xenacoelomorphs
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Figure 3. Patterns of relative cluster abundance resolved by eDNA metabarcoding of deep-sea sediment
(brown) and aboveground water (blue), using two sampling methods for both sample types, and using four
barcode markers targeting metazoans (COI, 18S V1-V2), micro-eukaryotes (18S V4), and prokaryotes (16S
V4-V5). Sediment was either sieved to size-sort organisms prior DNA extraction, or DNA was extracted
directly from crude sediment samples. Water was collected with a 7.5 L sampling box, allowing recovery of up
to two size classes per taxonomic compartment, or sampled in large volumes with an in situ pump. Top 20 most
abundant taxa are displayed for microbial groups.

were predominant in sediment samples (Fig. 3 COI and 18S V1-V2). Similarly, protist diversity in aboveground
water samples was dominated by Dinophyceae, Haptophyta, Phaeodarea, Syndiniales, and to a lesser extent
Bacillariophyta and Telonemia, while apicomplexans, ciliates, filosans, and labyrinthuleans represented higher
proportions of diversity in sediment samples (Fig. 3 18S V4). For prokaryotes, aboveground water communities
were characterised by Alphaproteobacteria, Cyanobacteria, and Gammaproteobacteria, while Acidobacteria,
Deltaproteobacteria, Archeae, Latescibacteria, and Planctomycetes showed higher diversity in sediment (Fig. 3

16S V4-V5).

Only 3% (COI), 5% (18S V1-V2), 8% (18S V4), and 5% (16S) of clusters were shared between sediment and
water samples, resulting in strong segregation in ordinations (Fig. 4). For metazoans, taxa shared among water
and sediment samples were mostly assigned to hydrozoans (COI, 28%, 18S, 7%), copepods (COI, 6%, 18S, 20%),
gastropods (COL, 31%), demosponges (COL, 6%), or polychaetes (18S, 10%), and chromadorean nematodes (18S,
11%). For protists, ASV's shared among sample types primarily belonged to the Syndiniales (39%), but other taxa
included dinophyceans (11%), filosans (9%), labyrinthuleans (5%), and bacillariophytes (6%). For prokaryotes,
ASVs shared across sample types were predominantly belonging to the Proteobacteria (Gamma, 19%, Alpha,
10%, Delta, 8%), Bacteroidetes (15%), or Planctomycetes (16%).

Sediment processing did not significantly affect detected community structures (Table 1), and sieved and
unsieved sediment resolved comparable communities at the phylum-level (Fig. 3), although community segre-
gation was observed in ordinations of metazoans resolved with 18S V1-V2 and protists resolved with 18S V4
(Fig. 4). Between 21 and 36% of sediment OTUs/ASV's were shared among sieved and unsieved sediment samples.
Shared metazoan OTUs primarily belonged to Hydrozoa (18S, 2.5%, COL, 32%, Siphonophorae, Anthoathecata,
Leptothecata), Demospongiae (COIL, 9%), Gastropoda (COI, 32%), Nematoda (18S, 61% Chromadorea, 11%
Enoplea), Polychaeta (18S, 2.5%), or Copepoda (18S, 4.5%). Microbial ASVs shared among sieved and unsieved
sediment mostly belonged to Syndiniales (17%), Filosa (19%), Ciliophora (11%), Dinophyceae (9%), Plancto-
mycetes (22%), Acidobacteria (10%), or Proteobacteria (Gamma, 9%, Alpha, 8%, Delta, 11%).
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Figure 4. Detrended Correspondence Analyses (DCA) ordinations (left) and Venn diagrams (right), showing
differences in community compositions detected by deep-sea sediment (brown) and aboveground water (blue)
for metazoans (COI and 18S V1-V2), micro-eukaryotes (18S V4), and prokaryotes (16S V4-V5). Community
segregation is strongest between sample types, but also among target size class in the water samples. Sediment
was either sieved to size-sort organisms prior DNA extraction, or DNA was extracted directly from crude
sediment samples. Water was collected with a 7.5 L sampling box, allowing recovery of two size classes in each
taxonomic compartment, or sampled in large volumes with an in situ pump.
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In contrast, sampling method significantly affected resolved community structure for water, as for all size
fractions, the sampling box detected significantly different communities than the in situ pump (Table 1). Both
sampling methods resolved different communities at the phylum-level (Fig. 3), and water samples always clus-
tered apart in ordinations (Fig. 4) for all taxonomic compartments investigated.. Between 8 and 11% of ASV's/
OTUs detected in water were shared between the in situ pump and the sampling box. Taxonomic structures
resolved by both sampling methods clearly changed due to targeted size fraction. The sampling box’s 2-20 pm
size fraction did not detect the same metazoan community assemblage as the >20 um assemblage detect by the
pump (Fig. 3 COI and 18S V1-V2). Similarly, for microbial data, the in situ pump targeting the > 20 pm size class,
and the sampling box targeting both the 2-20 um and the 0.2-2 pm size classes, detected different community
assemblages. For protists, the in situ pump detected higher proportions of ASVs for Bacillariophyta, Ciliophora,
Labyrinthulea, or Phaeodarea, while the sampling box detected more cryptophytes, haptophytes, MAST, and
telonemians (Fig. 3 18S V4). For prokaryotes, the sampling box detected more diversity in the Alphaproteobac-
teria, Chloroflexi, or Marinimicrobia (Fig. 3 16S V4-V5).

Discussion
Importance of substrate nature. Sediment samples, whether sieved or unsieved, led to the detection
of higher numbers of metazoan OTUs and prokaryote ASVs than water samples (Fig. 1), indicating that more
diversity could be found in the benthos compared to the pelagos at this Mediterranean site for those groups. For
unicellular eukaryotes, the difference in diversity between sediment and aboveground water was not significant.
However, this may primarily be due to the fact that more benthic protists (e.g., filosans, labyrinthuleans, and cili-
ates) were well detected by water samples (Supplementary Fig. S2 online). Indeed, 19% of protist sediment ASVs
were also detected in the water samples, while for other loci this percentage was at 5-8%. These findings are
congruent with other studies in the marine realm that reported notably higher diversity in sediments compared
to seawater'*~'* for microbial communities, and show that higher diversity can also be expected for metazoans.

Community compositions differed markedly between sediment and aboveground water samples for all life
compartments investigated (Figs. 3, 4), and only 3-8% of total molecular clusters were shared between substrate
types, a range congruent with previous findings''>!¢. Metazoan infauna taxa (e.g., nematodes, platyhelminths,
kinorhynchs, tardigrades, and xenacoelomorphs) were specifically detected by sediment samples, while other
epibenthic, benthopelagic, and pelagic metazoans were more prevalent in water samples (e.g., echinoderms,
chordates, ctenophores). Similarly, with protists and prokaryotes, sediment samples detected lineages typically
reported in the deep seafloor, with prokaryotic communities mostly comprised of Proteobacteria, Acidobac-
teria, Planctomycetes, Archeae, Bacteroidetes, and Chloroflexi'’-?°, and protist communities characterized by
benthic heterotrophic groups such as ciliates, labyrinthuleans, and filosans?"*>. Water samples instead recovered
taxa commonly reported in pelagic studies, with unicellular eukaryotes such as dinoflagellates (Dinophyceae,
Syndiniales), radiolarians (Acantharea, Phaeodarea, Spumellarida), or MAST (incl. diatoms, Chlorophyta,
Chrysophyceae)'***, and bacterial groups such as Alpha- and Gamma-proteobacteria, Bacteroidetes and
Cyanobacteria®~?’.

Most of the metazoans shared among sediment and water samples displayed benthopelagic life cycles with
a benthic adult and a pelagic larva (hydrozoans, gastropods, demosponges, polychaetes), indicating that the
detection of benthic taxa in water samples may predominantly reflect the occurrence of dispersal phases of those
organisms'’. Other metazoan OTUs shared across sediment and water belonged to Copepoda (incl. Cyclopoida
and Harpacticoida), Polychaeta, and Nematoda, confirming that active dispersal and/or resuspension of benthic
taxa can also occur’. Similarly, benthic protists (e.g. filosans, labyrinthuleans), and bacteria known to occur at
the sediment-water interface (e.g., Bacteroidetes, Planctomycetes)'*?3, were also predominant in this shared
fraction, supporting the existence of sediment resuspension dynamics. Finally, the presence of pelagic taxa
such as Actinopteri, scyphozoans, cephalopods, diatoms (Bacillariophyta), and dinoflagellates (Dinophyceae
and parasitic Syndiniales) in both sediment and water samples supports the fact that dead material, detritus, or
faecal pellets can sink to the deep seafloor®.

Overall, our results confirm previous findings showing that sample nature strongly affects the type of organ-
isms targeted by eDNA metabarcoding®**!, and underline that eDNA from water samples cannot be used to
comprehensively survey benthic communities'®*>**, even when large volumes of aboveground water are collected.

Sieving sediment is not essential for comprehensive benthic biodiversity surveys. Studies
investigating the effect of size-sorting in macroinvertebrates showed that sorting organisms by size and pooling
them proportionately according to their abundance led to a more equal amplification of taxa, the sorted samples
recovering 30% more taxa than the unsorted samples at the same sequencing depth?®. The size fractions used in
this study were specifically aiming to concentrate the meiofauna (32 pm-1 mm) compartment, which is known
to be important in deep-sea sediments, both in terms of abundance and biomass>*>*. Meiofauna taxa, best cap-
tured by 18S V1-V2, were more numerous in sieved than unsieved sediment samples, and total recovered OTU
numbers were higher in sieved than in unsieved samples for two cores with this marker (Fig. 1). These differ-
ences were however not significant. It could be that the equimolar pooling performed with DNA extracts from
each different size fraction maintained biases in abundance, as larger organisms contributed more DNA mol-
ecules within each size fraction. Alternatively, some individual size fractions having yielded low DNA concentra-
tions, their equimolar pool effectively diluted the size fractions that generated most of the DNA. Indeed, highest
DNA recovery was observed in the 20-40 pm and the 40-250 pm size fractions for all cores, while the larger size
fractions had DNA concentrations < 1 ng/uL. This problem was particularly severe for PL11, explaining why this
core performed so poorly in the sieved treatment for both 18S markers (Fig. 1). Proportional pooling may be a
better approach, but is feasible only if relative abundance of organisms in each size class can be calculated (e.g.,
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using dry sample and specimen weights). A more accurate approach would be to sequence each size fraction
separately, which would likely result in many more ASVs/OTUs due to increased sequencing depth. This how-
ever would also increase sequencing costs five-fold. An alternative to sequencing each size fraction separately
could be the pooling of the size fractions after PCR, which would reduce size related biomass biases during PCR
amplification, without increasing sequencing costs. However, the fact that more diversity was detected when
sieving than when not sieving at the same sequencing depth for the 18S marker (Supplementary Fig. S4 online),
indicates that sieving effectively reduces biomass biases, thus allowing the detection of more diversity at the same
sampling depth. Alternatively, new technologies affording much higher sequencing depths* might circumvent
the need for size-class sorting in the future.

The advantage provided by sieving observed in this study for some phyla may also result from the fact that
sieved samples were based on more starting material, as five DNA extractions were performed for the sieved
treatment (one for each size fraction), when only one was performed for non-sieved sediment. Sample volume
can however not fully explain differences in recovered diversity, as the latter varied considerably within each
method, and samples based on larger sediment volumes did not consistently yield more OTUs/ASVs (Fig. 1,
Supplementary Fig. S3 online).

Elutriation (i.e. resuspension of organisms and pouring of supernatant on a 32-pm sieve) or density extraction
techniques are other methods traditionally used to study meiofauna®®*’. These allow to process whole sediment
layers more rapidly than sieving, and effectively concentrate metazoan organisms®®. However, if the retention
of organisms is achieved using only a single mesh size marking the lower size boundary of meiofauna, this also
maintains size-abundance biases. Thus, whether sieving, elutriating, or density extracting, mesh sizes for size-
class sorting have to be carefully chosen in order to reach the best compromise between processing time and
biomass biases. As underlined by Elbrecht et al. (2017)*, sorting is most useful when samples contain specimens
with biomasses spanning several orders of magnitude. Given that deep-sea sediments contain large numbers
of small organisms, and given the high detection capacity of metabarcoding, implementing five mesh sizes for
sorting metazoans may be excessive. Instead, separating organisms into small, medium, and large size categories,
as performed by Elbrecht et al. (2017)** for freshwater macroinvertebrates and by Leray & Knowlton (2015)* for
coastal benthic communities may be sufficient to maximize metazoan species detection.

However, the rationale behind size sorting should be carefully considered when implementing an eDNA
metabarcoding study on the deep seafloor. Indeed, for general biodiversity studies not targeting rare of invasive
species, the proportion of abundant taxa is most relevant to reach accurate conclusions, and it may thus not be
necessary to detect all small and rare taxa in such studies. Moreover, effects of size sorting on other taxonomic
compartments have to be taken into consideration. For microbial organisms, sieving down to a 20-pum mesh
size is very likely to result in the loss of most small and/or free-living taxa. This idea is supported by the fact that
metazoan OTUs shared between sieved and unsieved sediment were mainly assigned to macrofauna (>1 mm),
indicating that small taxa predominantly explain the differences obtained between both methods. For protists
and prokaryotes, although sieved and unsieved sediment uncovered comparable alpha diversity levels (Fig. 1),
and resolved similar taxonomic compositions at phylum level (Fig. 3), ordinations indicated that communities
segregated with processing method for protists (Fig. 4 18S V4). Many sediment microorganisms are living within
biofilms (e.g., Bacteroidetes, Archeae), attached to sediment particles (e.g., Planctomycetes) or as symbionts
of larger taxa (e.g., Syndiniales, some Dinophyceae and Proteobacteria), making their retention on a 20-um
sieve possible. Our results support this idea, as microbial ASV's shared among sieved and unsieved sediment
were mostly belonging to those groups or to taxa larger than 20 pm (e.g. ciliates), possibly explaining the non-
significant difference we obtained in PERMANOVA (Table 1).

Finally, sieving is associated to higher contamination risks, as sieves need to be carefully washed between
samples and water used for sieving (or elutriation) needs to be ultra-filtered (which can be problematic for the
large volumes needed). Considering the limited improvement gained by sieving on metazoan communities, the
logistic inconvenience, and the risk of bias for other taxonomic compartments, DNA extractions performed
directly on 10 g of sediment appear as a satisfactory approach for large-scale biodiversity surveys targeting
multiple life compartments.

Adjusting water sample volume and filter mesh size to target organisms. Numerous aquatic
metabarcoding studies have highlighted that sampled water volume is a key factor affecting species detection
rates with eDNA, and has to be adapted to the target ecosystem®!. Positive relationships between increased water
volume and increased detection rate have been reported for macroinvertebrates and amphibians*>**, and stud-
ies in freshwater ecosystems have shown that 20 1 to 30-68 1 of water are necessary to detect entire metazoan
communities'>***. While 1 L may be appropriate for macroinvertebrate detection in rivers** or marine surface
waters?, the results presented here clearly show that 7.5 L of deep-sea water are not sufficient to accurately detect
metazoan fauna. The sampling boxes detected less metazoan diversity than the in situ pump (Fig. 1), and failed
to detect many phyla with 18S V1-V2 (Fig. 2). Overall, 21% (COI) to 39% (18S V1-V2) of metazoan diversity
detected in water was recovered by the sampling box, compared to 89% (COI) and 71% (18S V1-V2) by the
in situ pump. This reflects the low abundance and biomass of large organisms in deep waters, combined with the
very limited lifetime of extracellular DNA in seawater*’-.

Water sampling methods for eDNA metabarcoding relying on on-board filtration or precipitation are intrin-
sically limited by the amount of water that can be processed. Although purpose-built sampling equipment has
been developed for increased efficiency and standardization, filtration flow rates rarely exceed 1 L/min°'. New
developments allowing the processing of thousands of litres of water, such as the SALSA in situ pump presented
here, its equivalent single-sample version®?, or tow net methods developed for lentic ecosystems™, improve the
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detection sensitivity for metazoan taxa in low biomass environments and will allow for more comprehensive
and reliable surveys.

With protists and bacteria, taxonomic structures recovered by each sampling method clearly changed with
targeted size class (Fig. 3, Supplementary Fig. S2 online). Most protistan micro- to mesoplankton were better
detected by the in situ pump (e.g., diatoms, phaeodareans, Acantharea, Ciliophora), while pico- to nanoplankton
were preferentially targeted by the sampling box (e.g., Haptophyta, Telonemia), with many groups identified
mostly by the smallest size fraction (0.2-2 um, Chlorophyta, Choanoflagellida, Picozoa, Chrysophyceae, MAST).
For bacteria, groups known to occur in aggregates, on larger particles, or as symbionts of larger organisms
were better recovered by the in situ pump (e.g., Actinobacteria, Bacteroidetes, Delta-, Gammaproteobacteria,
Lentisphaerae, Firmicutes, Tenericutes), while other, likely free-living, bacterioplankton were predominant in
the sampling box samples (e.g., Cyanobacteria, Marinimicrobia). This differential taxon recovery of water col-
lection methods has already been reported in shallower studies®, and highlights the importance of targeting the
0.2-2 um for accurately surveying microbial diversity.

Although the SALSA prototype presented here (Supplementary Fig. S1 online) has since been improved to
pump through a 5-um nylon mesh, in situ filtration techniques are inherently limited by mesh size in order to
filter large volumes of water. Thus, although targeting large volumes such as the ones allowed by SALSA represents
the most suitable strategy for assessing metazoan diversity in deep-sea waters, its limitation in terms of mesh
size leads to the detection of only a fraction of microbial diversity, i.e. mostly larger planktonic groups or taxa
fixed on larger faunal specimens or mineral particles. On board filtration of smaller volumes of water remains
necessary to access the pico- and nanoplankton, highlighting that both sampling methods are complementary
and should be deployed in parallel for integrative biodiversity surveys across the tree of life.

Opverall, this comparative study contributes to more comprehensive and more reliable assessments of meta-
zoan and microbial deep-sea communities based on eDNA metabarcoding. First, only sediment samples can
allow the characterization of benthic taxa and aboveground water samples do not provide a good alternative.
Second, sieving sediment leads to an improvement in taxon detection for metazoans, but as expected, also
modifies the retrieved community composition for protists and prokaryotes. Thus, for studies targeting only
metazoans, it is advisable to first separate the organisms from the sediment particles using sieving, elutriation,
or density extraction techniques as recommended by Brannock & Halanych®. If both metazoan and microbial
communities are targeted, and provided sample volume is large enough, an ideal sampling design would be to
use multiple sub-samples for microbial taxa and size-sort the remaining sediment for detecting metazoans, as
suggested by Nascimento et al.>*. Alternatively, as shown here, using sufficient volumes of unsorted sediment
seems to be satisfactory for integrative biodiversity studies across taxonomic compartments. Finally, water sample
volume and mesh size need to be carefully chosen depending on taxa of interest, and while volumes collected by
sampling boxes (or Niskin bottles) allow the surveying of microbial diversity, much larger volumes are needed
to detect deep-sea metazoans.

Methods

Sample collection. Sediment cores and water samples were collected from a continental slope site during
the EssNaut16 cruise in the Mediterranean in April 2016 (Supplementary Table S1 online). Sampling was carried
out with a human operated vehicle (Nautile, Ifremer). Triplicate tube cores were collected at the sampling site,
and the upper first centimetre sediment layer was used to compare two sediment sampling methods. The sedi-
ment samples were either (1) transferred into zip-lock bags and frozen at — 80 °C on board or (2) sieved through
five different mesh sizes (1000 pum, 500 pm, 250 pm, 40 pm, and 20 pm) in order to concentrate organisms and
separate them by size-class. Sieving was performed with cold surface water filtered at 0.2 um. Each mesh con-
centrate was subsequently stored in a separate zip-lock bag and frozen at —80 °C. All samples were shipped on
dry ice to the laboratory.

Two different aboveground water-sampling methods were evaluated during EssNaut16 to target microbial
and metazoan taxa. All water samples were collected at most 1 m above the seafloor. Water was collected with a
newly developed in situ pump, the Serial Autonomous Larval Sampler (SALSA), i.e. a McLane WTS-LV sampler
adapted by Ifremer, Brest, France to allow replicated sampling. SALSA has a rosette holding five 2.8 L sampling
bowls mounted underneath a rotator plate that allows the alignment of each sampling bowl with the water intake,
in a pre-programmed sequential fashion (Supplementary Fig. S1 online). The pump is placed downstream the
sampling bowls and the outlet of each bowl is equipped with a 20-pm nylon mesh, retaining particles larger than
20 um within the bowl while the water passes through the outlet. SALSA thus allows to obtain a time-series of five
samples, each resulting from a 4 h filtration event that concentrates particles from ~ 6000 L of water (depending
on the filtration rate applied) at the exact same location. Here, 2 samples of each time series were used while the
remaining samples were sorted for classical morphological diversity assessments. Two SALSA deployments were
performed at the study site (PL07, PL11) and one deployment within the same habitat but at shallower depth due
to technical reasons impeding deployment at the original site (PL09). Analyses were performed with and without
PL09, and as results were comparable, PL09 was included in the study. For each SALSA deployment, particles
retained in every sample (i.e. 2.8 L sampling bowl containing >20 um particles retained during in situ filtration)
were concentrated on board on a polycarbonate filter membrane with 2-um mesh size (Millipore, Burlington,
MA, USA, ref. TTTP04700). Water was also collected using two 7.5 L Nautile-deployed sterile and watertight
sampling boxes™®. These samples were filtered on board successively through membrane filters with 20 pm, 2 um,
and 0.2 pm mesh size (Millipore, Burlington, MA, USA, refs. NY2004700, TTTP04700, GTTP04700), generating
three size fractions (>20 yum, 2-20 pm, and 0.2-2 pm). Each water filter was stored in an individual Petri dish,
frozen at—80 °C, and shipped on dry ice to the laboratory.

Scientific Reports |

(2021) 11:7856 | https://doi.org/10.1038/s41598-021-86396-8 nature portfolio



www.nature.com/scientificreports/

Nucleic acid extractions. For sediment, DNA extractions were performed using 2-10 g of sediment (Sup-
plementary Table S1 online) with the PowerMax Soil DNA Isolation Kit (MOBIO Laboratories Inc.; Qiagen,
Hilden, Germany). All DNA extracts were stored at—80 °C. For the non-sieved method, DNA was extracted
directly from 2 to 5 g of sediment, the volume varying with the amount of sediment available. For the sieved
method, DNA was extracted from each size fraction separately (from 1 to 10 g of sediment per size fraction),
and for each of the three cores, an equimolar pool of the DNA extracts of each size fraction was prepared for
PCR and sequencing. Thus, for the sieved method, the samples, were based on 3-6 times more sediment than the
unsieved raw extracts, however, as some size fractions yielded low DNA concentrations in each core, the sieved
samples were at a lower DNA concentration than the unsieved samples (Supplementary Table S1 online). Water
DNA extractions were carried out by Genoscope (Evry, France) using the same protocol as described by Alberti
et al. (2017) for Tara Oceans water samples. The protocol is based on cryogenic grinding of membrane filters,
followed by nucleic acid extraction with NucleoSpin RNA kits combined with the NucleoSpin DNA buffer set
(Macherey—Nagel, Diiren, Germany). A negative extraction control was performed alongside sample extractions
for both water and sediment samples, adding nothing in the place of sample in the first extraction step.

PCR amplification and sequencing. DNA extracts were normalised to 0.25 ng/pL and 10 pL of standard-
ized sample were used for PCR. Four primer pairs were used to amplify one mitochondrial and three ribosomal
RNA (rRNA) barcode loci. The cytochrome ¢ oxidase I (COI)***” and 18S V1-V2 rRNA® barcodes were used to
target metazoans, while 18S V4% was used for unicellular eukaryotes, and 16S V4-V5* for prokaryotes (Sup-
plementary Table S2 online). PCR amplifications for each locus (see supplemental information for amplification
and purification details) were carried out in triplicate in order to level-off intra-sample variance while obtaining
sufficient amounts of amplicons for Illumina sequencing. PCR triplicates were pooled, purified, quality checked
and quantified, and 100 ng of amplicons were directly end-repaired, A-tailed, and ligated to Illumina adapters
on a Biomek FX Laboratory Automation Workstation (Beckman Coulter, Brea, CA, USA). Library amplifica-
tion was performed using a Kapa Hifi HotStart NGS library Amplification kit (Kapa Biosystems, Wilmington,
MA, USA), with the same cycling conditions applied for all metagenomic libraries, and libraries were puri-
fied using 1X AMPure XP beads (Beckman Coulter, Brea, CA, USA). They were then quantified by Quant-iT
dsDNA HS assay kits using a Fluoroskan Ascent microplate fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA) and sample amplicon libraries were pooled equimolarly. The pools were then quantified by qPCR
with the KAPA Library Quantification Kit for Illumina Libraries (Kapa Biosystems, Wilmington, MA, USA) on
an MxPro instrument (Agilent Technologies, Santa Clara, CA, USA). Library profiles were assessed using a high-
throughput microfluidic capillary electrophoresis system (LabChip GX, Perkin Elmer, Waltham, MA, USA).,
Libraries normalised to 8-9 pM and containing a 20% PhiX spike-in were sequenced individually on HiSeq2500
(System User Guide Part # 15035786) instruments in a 250 bp paired-end mode. For sediment, this procedure
was carried out on two DNA aliquots of each sample (for each core, 2 aliquots of not sieved extract and 2 aliquots
of “sieved pool”), leading to two amplicon libraries per sample. For water collected with the sampling box, we
targeted and sequenced microbial loci in the 0.2-2 and 2-20 um fractions, and targeted metazoans in the 2-20
and >20 pm fractions. The size fractions were processed separately but sequencing failed for the >20 pm frac-
tions with microbial loci, possibly due to the low DNA concentrations of these samples.

Bioinformatic analyses. All bioinformatic analyses were performed using a Unix shell script, available
on Gitlab (https://gitlab.ifremer.fr/abyss-project/), on a home-based cluster (DATARMOR, Ifremer), and the
samples of the present study were analysed in parallel with 12 to 28 other deep-sea water samples for more accu-
rate error correction and LULU filtering. The details of the pipeline, along with specific parameters used for all
metabarcoding markers, are given in Supplementary Table S3 online.

Illumina read pairs were corrected with DADA2 v.1.10%, following the online tutorial for paired-end
data (https://benjjneb.github.io/dada2/tutorial.html), delivering inventories of Amplicon Sequence Variants
(ASVs). We chose to evaluate unicellular eukaryote and prokaryote diversity at the ASV level due to their lower
intraspecific diversity, making ASV's appropriate to study species-level biodiversity patterns in these microbial
taxa. Intraspecific diversity being much more pronounced in metazoans than unicellular organisms due to the
extremely varying numbers of cells, organelles, pseudogenes (e.g. numts for COI), or ribosomal repeats in their
genomes, ASVs reflect metazoan diversity at the intra-species level, which is dependent on the level of intraspe-
cific variation in the genome, known to vary widely among taxa®%2. As we were interested in species-level
diversity, we chose to cluster metazoan data. ASVs from COI and 18S V1-V2 were clustered into Operational
Taxonomic Units (OTUs) with swarm v2% using the FROGS pipeline®*. Swarm v2 is a single-linkage clustering
algorithm that aggregates sequences iteratively and locally around seed sequences based on d, the number of
nucleotide differences, to determine coherent groups of sequences. This avoids a universal clustering threshold,
which is particularly useful in highly biodiverse samples such as those analysed in this study. Metazoan ASVs
were swarm-clustered at d= 3 for 185 V1-V2 (~99%) and d=6 for COI (~98%), which has been shown to be
appropriate for evaluating species diversity in samples®.

Clusters were taxonomically assigned with BLAST + (v2.6.0) based on minimum similarity (70%) and mini-
mum coverage (80%). For ASVs, sequences obtained with DADA?2 were subsequently assigned with blastn. For
OTUs, BLAST assignment was performed in FROGS using the affiliation_OTU.py command. The Silval32 refer-
ence database was used for taxonomic assignment of the 16S V4-V5 and 185 V1-V2 rRNA marker genes®, PR2
v4.11% was used for 18S V4, and MIDORI-UNIQUE® reduced to marine taxa only was used for COI. An initial
test implementing BLAST + to assign taxonomy only to the COI dataset using a 96% percent identity threshold
led to the exclusion of the majority of the clusters. Indeed, it is not uncommon for deep-sea taxa to have closest
relatives in databases (even congenerics) exhibiting nucleotide divergences of 20%%7°.Considering our interest in
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diverse and poorly characterized communities, more stringent BLAST thresholds were not implemented at this
stage. However, additional filters were performed during downstream bioinformatic processing described below.

Molecular inventories were refined in R v.3.5.17!. A blank correction was made using the decontam pack-
age v.1.2.17%, removing all clusters that were more prevalent in negative control samples (PCR and extraction
controls) than in true samples. After comparison, results from the technical duplicates produced for sediment
samples were merged and read counts were summed for identical OTUs. Fully unassigned clusters were removed
(COL: 63%, 18S V1-V2: 20%, 18S V4: 17%, 16S: 5%). When present, non-target clusters were removed (protists
or fungi in 18S V1-V2: 60%; metazoans or plants in 18S V4: 10.5%). Additionally, for COI and 18S V1-V2, all
metazoan OTUs with a terrestrial assignment (groups known to be terrestrial-only) were removed (COI: 1.5%,
18S: 0.15%). Samples were checked to ensure they had more than 10,000 target reads. Metazoan OTU tables were
further curated with LULU v.0.17 to limit bias due to intraspecific variation and pseudogenes, using a minimum
co-occurrence of 0.95, a minimum match at 84%, and a minimum ratio at 1000, which is more appropriate for
sample-poor datasets®?.

Statistical analyses. Data were analysed using R with the packages phyloseq v1.22.37, following guide-
lines in online tutorials (http://joey711.github.io/phyloseq/tutorials-index.html), and vegan v2.5.27>. Read and
cluster abundances were evaluated via analyses of variance (ANOVA) on generalised linear models using qua-
sipoisson distributions. Pairwise post-hoc comparisons were performed via Tukey HSD tests using the emmeans
package. Alpha and beta diversity were compared among sampling methods using datasets rarefied to the min-
imum sequencing depth (COL 62,660; 18S V1: 127,044; 18S V4: 37,000; 16S: 100,952). For comparisons by
phylum, paired Welch’s t-tests were performed for comparing both sediment methods, and unpaired t-tests
were performed for other comparisons. If normality was not verified (Shapiro-Wilk normality test), Wilcoxon
(paired) rank tests were performed. Differences in community composition among methods were assessed with
Venn diagrams (computed using the venn function in the venn package) and with permutational multivariate
analysis of variance (PERMANOVA), using the adonis2 function (vegan) with significance evaluated using 1000
permutations. Incidence-based Jaccard dissimilarities were used for metazoans, while Bray-Curtis dissimilari-
ties were used for prokaryotes and unicellular eukaryotes. The rationale behind this choice is that metazoans
are multicellular organisms of extremely varying numbers of cells, organelles, or ribosomal repeats in their
genomes, and can also be detected through a diversity of remains. The number of reads can thus not be expected
to reliably reflect the abundance of detected OTUs. Pairwise PERMANOVAs among sampling methods were
performed with the pairwiseAdonis package. Differences in community structures among samples were visual-
ized via detrended correspondence analyses on rarefied incidence datasets. Finally, taxonomic compositions in
terms of cluster abundance were compared among processing methods only using clusters reliably assigned at
phylum-level. Phylum-level reliability thresholds were chosen based on Stefanni et al.”® and were set at mini-
mum hit identity of 86% for rRNA loci and 80% for COI.

Data availability

The raw data for this work can be accessed in the European Nucleotide Archive database (Study accession
numbers: PRJEB37673 for water, PRJEB33873 for sediment). Please refer to the metadata excel file for ENA file
names. The dataset, including raw sequences, databases, as well as raw and refined ASV/OTU tables are available
on https://doi.org/10.12770/2deb785a-74c5-4b9d-84d6-82a81e0dda6d. Bioinformatic scripts can be accessed
following the Gitlab link.
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CHAPTER 1

2. An assessment of environmental metabarcoding protocols
aiming at favoring contemporary biodiversity in inventories
of deep-sea communities

Résumé de l'article en francais

Les plaines abyssales représentent plus de 50% de la surface de la Terre et sont un réservoir
de biodiversité largement méconnue. Elles sont la cible de pressions croissantes liées aux
industries d’extraction de ressources malgré ce manque de connaissances qui rend difficile
'appréhension des conséquences de cette exploitation. Dans ces écosystémes difficiles
d’acces, le métabarcoding a partir ¢’ ADN environnemental est un outil particulierement utile
pour I'étude de la biodiversité et I'évaluation des impacts environnementaux. Cependant, ce
type d’analyse pourrait étre biaisé par la persistance d’ADN ancien dans les sédiments marins,
conduisant a la caractérisation des communautés passées plutbt que contemporaines.

A l'aide de kits d’extraction disponibles dans le commerce, nous nous sommes intéressés a
I'effet de cing méthodes de traitement moléculaire sur les inventaires par métabarcoding
environnemental de la biodiversité procaryote (16S), eucaryote unicellulaire (18S-V4) et
métazoaire (18S-V1, COIl). La taille des fragments archivés d’ADN ancien étant généralement
petite, nous avons évalué I'impact du retrait des fragments courts d’ADN par sélection de taille
ou re-concentration a I'éthanol sur 'ADN extrait a partir de 10g de sédiments provenant de 5
sites marins profonds. Nous avons également comparé les résultats obtenus en extrayant
'ADN et 'ARN de 2g de sédiments des mémes sites.

Le retrait des fragments courts d’ADN n’influence les estimations de diversité alpha et béta
dans aucun des compartiments biologiques considérés. Les résultats obtenus pour la co-
extraction ADN/ARN confirment également les doutes quant a la possibilité de mieux décrire
les communautés vivantes a I'aide d’ARN environnemental. Pour les marqueurs ribosomaux,

I’ARN montre la méme ségrégation spatiale des échantillons que ’ADN co-extrait, mais donne
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des estimations de la richesse spécifique significativement plus élevées. Ces observations
vont dans le sens de I'hypothése d’une persistance accrue de I'ARN ribosomal dans
'environnement par rapport @ '’ARN messager, ainsi que de biais non mesurés liés a la
variabilité de la sécrétion d’ARN par les organismes en fonction de leur activité métabolique.
Pour le marqueur mitochondrial, ’ARN environnemental détecte une diversité plus faible de
métazoaires et décrit moins précisément les relations entre échantillons, ce qui refléte
linstabilité accrue de I'ARN messager. Les résultats indiquent aussi l'importance de
I'extraction d’ADN a partir de plus grandes quantités de sédiments (> 10g) pour caractériser
efficacement la diversité eucaryote.

Ces comparaisons nous conduisent a préférer I'extraction d’ADN plutdt que d’ARN pour
réaliser une étude réaliste, répétable et fiable des communautés benthiques, et confirment
que l'utilisation de quantités plus importantes de sédiments lors de I'extraction permet un
acces plus complet a la diversité eucaryote benthique. Enfin, elles illustrent I'importance des
réplicats biologiques plutdt que techniques pour assurer une description fiable des réalités

écologiques.

70



'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 08 May 2020
doi: 10.3389/fmars.2020.00234

OPEN ACCESS

Edited by:

J. Murray Roberts,
University of Edinburgh,
United Kingdom

Reviewed by:

Olivier Laroche,

University of Hawai'i at Manoa,
United States

S. Kim Juniper,

University of Victoria, Canada

*Correspondence:

Miriam I. Brandt
miriam.isabelle.brandt@gmail.com
Sophie Arnaud-Haond
sophie.arnaud@ifremer.fr

Specialty section:

This article was submitted to
Deep-Sea Environments and Ecology,
a section of the journal

Frontiers in Marine Science

Received: 25 November 2019
Accepted: 25 March 2020
Published: 08 May 2020

Citation:

Brandt M, Trouche B, Henry N,
Liautard-Haag C, Maignien L,

de Vargas C, Wincker B, Poulain J,
Zeppilli D and Arnaud-Haond S (2020)
An Assessment of Environmental
Metabarcoding Protocols Aiming

at Favoring Contemporary Biodiversity
in Inventories of Deep-Sea
Communities. Front. Mar. Sci. 7:234.
doi: 10.3389/fmars.2020.00234

Check for
updates

An Assessment of Environmental
Metabarcoding Protocols Aiming at
Favoring Contemporary Biodiversity
in Inventories of Deep-Sea
Communities

Miriam I. Brandt', Blandine Trouche?, Nicolas Henry3*, Cathy Liautard-Haag’,
Lois Maignien?, Colomban de Vargas?®*, Patrick Wincker*5, Julie Poulain*®,
Daniela Zeppilli¢ and Sophie Arnaud-Haond*

" MARBEC, Univ Montpellier, Ifremer, IRD, CNRS, Seéte, France, ? Laboratoire de Microbiologie des Environnements
Extrémes (LMZ2E), Univ Brest, CNRS, Ifremer, Plouzané, France, ° Sorbonne Université, CNRS, Station Biologique

de Roscoff, AD2M, UMR 7144, Roscoff, France, * Research Federation for the Study of Global Ocean Systems Ecology
and Evolution, FR2022/Tara Oceans GOSEE, Paris, France, ° Génomique Métabolique, Genoscope, Institut Frangois Jacob,
CEA, CNRS, Univ. Evry, Université Paris-Saclay, Evry, France, © Ifremer, Centre Brest, REM/EEP/LER ZI de la Pointe du
Diable, CS10070, Plouzané, France

The abyssal seafloor covers more than 50% of planet Earth and is a large reservoir of
still mostly undescribed biodiversity. It is increasingly targeted by resource-extraction
industries and yet is drastically understudied. In such remote and hard-to-access
ecosystems, environmental DNA (eDNA) metabarcoding is a useful and efficient tool
for studying biodiversity and implementing environmental impact assessments. Yet,
eDNA analysis outcomes may be biased toward describing past rather than present
communities as sediments contain both contemporary and ancient DNA. Using
commercially available kits, we investigated the impacts of five molecular processing
methods on eDNA metabarcoding biodiversity inventories targeting prokaryotes (16S),
unicellular eukaryotes (18S-V4), and metazoans (18S-V1, COI). As the size distribution
of ancient DNA is skewed toward small fragments, we evaluated the effect of removing
short DNA fragments via size selection and ethanol reconcentration using eDNA
extracted from 10 g of sediment at five deep-sea sites. We also compare communities
revealed by eDNA and environmental RNA (eRNA) co-extracted from ~2 g of sediment
at the same sites. Results show that removing short DNA fragments does not affect
alpha and beta diversity estimates in any of the biological compartments investigated.
Results also confirm doubts regarding the possibility to better describe live communities
using eRNA. With ribosomal loci, eRNA, while resolving similar spatial patterns than
co-extracted eDNA, resulted in significantly higher richness estimates, supporting
hypotheses of increased persistence of ribosomal RNA (fRNA) in the environment
and unmeasured bias due to overabundance of rBNA and RNA release. With the
mitochondrial locus, eRNA detected lower metazoan richness and resolved fewer spatial
patterns than co-extracted eDNA, reflecting high messenger RNA lability. Results also
highlight the importance of using large amounts of sediment (=10 g) for accurately
surveying eukaryotic diversity. We conclude that eDNA should be favored over eRNA
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for logistically realistic, repeatable, and reliable surveys and confirm that large sediment
samples (>10 g) deliver more complete and accurate assessments of benthic eukaryotic
biodiversity and that increasing the number of biological rather than technical replicates
is important to infer robust ecological patterns.

Keywords: environmental metabarcoding, RNA versus DNA, extracellular DNA, deep-sea biodiversity, benthic
ecology, biomonitoring, method testing

INTRODUCTION

Environmental DNA (eDNA) metabarcoding is an increasingly
used tool for biodiversity inventories and ecological surveys.
Using high-throughput sequencing (HTS) and bioinformatic
processing, it allows the detection or the inventory of target
organisms using their DNA directly extracted from soil, water,
or air samples (Taberlet et al., 2012a). As it does not require
specimen isolation, it represents a practical and efficient tool in
large and hard-to-access ecosystems, such as the marine realm.
Besides allowing studying various biological compartments
simultaneously, metabarcoding is also very effective for detecting
diversity of small organisms (microorganisms, meiofauna)
largely disregarded in visual biodiversity inventories due to the
difficulty of their identification based on morphological features
(Carugati et al., 2015).

The deep sea, covering more than 50% of Planet Earth,
remains critically understudied, despite being increasingly
impacted by anthropogenic activities and targeted by resource-
extraction industries (Ramirez-Llodra et al., 2011). The abyssal
seafloor is mostly composed of sedimentary habitats containing
high numbers of small (< 1 mm) organisms, and characterized
by high local and regional diversity (Grassle and Maciolek, 1992;
Smith and Snelgrove, 2002). Given the increased time efficiency
offered by eDNA metabarcoding and its wide taxonomic
applicability, this tool is a good candidate for large-scale
biodiversity surveys and environmental impact assessments
(EIAs) in the deep-sea biome.

eDNA is a complex mixture of genomic DNA present in living
cells, extra-organismal DNA, and extracellular DNA originating
from the degradation of organic material and biological
secretions (Torti et al., 2015). Extracellular DNA has been shown
to be very abundant in marine sediments, representing 50-90% of
the total DNA pool (Dell’Anno and Danovaro, 2005; Corinaldesi
et al., 2018). However, this extracellular DNA compartment
may not only contain DNA from contemporary communities.
Indeed, nucleic acids can persist in marine sediments as their
degradation rate decreases due to adsorption onto the sediment
matrix (Corinaldesi et al., 2008; Torti et al, 2015). Low
temperatures, high salt concentrations, and the absence of UV
light are additional factors enhancing long-term archiving of
DNA in deep-sea sediments (Torti et al., 2015; Nagler et al.,
2018). Decreased rates of abiotic DNA decay can thus allow
DNA persistence over millennial timescales. Indeed, up to
125,000-year-old ancient DNA (aDNA) has been reported in
oxic and anoxic marine sediments at various depths (Boere
et al, 2011; Coolen et al, 2013; Lejzerowicz et al., 2013a).
As extracellular DNA fragment size depends on its state of

degradation (Nagler et al., 2018 report overall size ranges from
80 to over 20,000 bp), aDNA fragments have generally been
reported to be <1,000 bp long (Boere et al., 2011; Coolen et al.,
2013; Lejzerowicz et al., 2013a; Lennon et al., 2018). Restricting
molecular biodiversity assessments to large DNA fragments
may thus allow avoiding the bias of aDNA in biodiversity
assessments aiming at describing contemporary communities
using eDNA metabarcoding.

Environmental RNA (eRNA) has been viewed as a way to
avoid the problem of aDNA in eDNA biodiversity inventories
because RNA is only produced by living organisms and quickly
degrades when released in the environment due to spontaneous
hydrolysis and the abundance of RNases (Torti et al., 2015). Few
studies have investigated this in the deep-sea, with contrasting
results. Investigating foraminiferal assemblages, Lejzerowicz et al.
(2013b) found similar taxonomic compositions with DNA and
RNA, although highlighting that RNA is more appropriate
for targeting the active community component. Contrastingly,
Guardiola et al. (2016) detected marked differences between RNA
and DNA inventories for most eukaryotic groups but found
that both biomolecules detected similar patterns of ecological
differentiation, concluding that “dead” DNA did not blur patterns
of community structure. Laroche et al. (2018, 2017) found
stronger responses to environmental impact in alpha diversity
measured with eRNA, while eDNA was better at detecting effects
on community composition. Finally, long-term archived and
even fossil RNA were also reported in sediment and soil (Orsi
et al., 2013; Cristescu, 2019), casting doubts as to its advantage
over DNA to inventory contemporary biodiversity.

The design of a sound environmental metabarcoding protocol
to inventory biodiversity on the deep seafloor relies on a better
understanding of the potential influence of aDNA on the different
taxonomic compartments targeted. Using commercially available
kits based on 2 and 10 g of sediment, we studied samples from
five deep-sea sites encompassing three different habitats and
spanning wide geographic ranges in order to select an optimal
protocol to survey contemporary benthic deep-sea communities
spanning the tree of life. We analyze eDNA and eRNA extracts via
metabarcoding, targeting the V4-V5 regions of the 16S ribosomal
RNA (rRNA) barcode (Parada et al., 2016) for prokaryotes,
the 18S-V4 rRNA barcode region for micro-eukaryotes (Stoeck
et al.,, 2010), and the 185-V1V2 rRNA (thereafter 185-V1) and
Cytochrome ¢ Oxidase I (COI) barcode markers for metazoans
(Leray et al., 2013; Sinniger et al., 2016).

Our objectives were threefold:

(1) Evaluate the effect of removing short DNA fragments from
DNA extracts obtained using a 10-g extraction kit,
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(2) Compare eDNA and eRNA inventories resulting from the
same samples via a 2-g joint extraction kit, and

(3) Assess the aforementioned kits in terms of repeatability and
suitability for different taxonomic compartments.

MATERIALS AND METHODS

Collection of Samples

Sediment cores were collected from five deep-sea sites from
various habitats (mud volcano, seamounts, and an area
close to hydrothermal vents; Supplementary Table S1).
Triplicate tube cores were collected with a multicorer or
with a remotely operated vehicle at each sampling site.
The sediment cores were sliced into layers, which were
transferred into zip-lock bags, homogenized, and frozen
at —80°C onboard before being shipped on dry ice to
the laboratory. The first layer (0-1 cm) was used for the
present analysis. In each sampling series, an empty bag was
kept as a field control processed through DNA extraction
and sequencing.

Nucleic Acid Extractions and Molecular

Treatments

eDNA With the 10-g PowerMax Kit

DNA extractions were performed using ~10 g of sediment with
the PowerMax Soil DNA Isolation Kit (MO BIO Laboratories,
Inc., Qiagen, Hilden, Germany). To increase the DNA yield, the
elution buffer was left on the spin filter membrane for 10 min
at room temperature before centrifugation. For field controls, the
first solution of the kit was poured into the control zip lock before
following the usual extraction steps. DNA extracts were stored
at —80°C.

Size Selection of eDNA Extracts

Size selection of total eDNA extracted as detailed above from
~10 g of sediment was carried out to remove small DNA
fragments. NucleoMag NGS Clean-up and Size Select beads
(Macherey-Nagel, Diiren, Germany) were used at a ratio of
0.5 x for removing DNA fragments <1,000 bp from 500 pl
of extracted eDNA. The target fragments were eluted from the
beads with 100 .l elution buffer, and successful size selection was
verified by electrophoresis on an Agilent TapeStation using the
Genomic DNA High ScreenTape kit (Agilent Technologies, Santa
Clara, CA, United States).

Ethanol Reconcentration of eDNA Extracts

A 3.5 ml aliquot of eDNA extracted from ~10 g of sediment was
reconcentrated with 7 ml of 96% ethanol (EtOH) and 200 pl
of 5 M sodium chloride (NaCl), according to the guidelines
in the Hints and Troubleshooting Guide of the PowerMax Soil
DNA Isolation Kit. As this protocol does not include any
incubation time, it favors large DNA fragments. The DNA
pellet was washed with 1 ml 70% EtOH, centrifuged again for
15 min at 2,500 x g, and air-dried before being resuspended in
450 pl elution buffer.

Joint Environmental DNA/RNA With the 2-g RNeasy
PowerSoil Kit

Joint RNA/DNA extractions were performed with the RNA
PowerSoil Total RNA Isolation Kit combined with the RNeasy
PowerSoil DNA elution kit (MO BIO Laboratories, Inc., Qiagen,
Hilden, Germany). Between 3 and 5 g of wet and frozen sediment
were used, following the manufacturer’s suggestions for marine
sediments (Supplementary Table S2). Extraction controls were
performed alongside sample extractions. The RNA pellet was
resuspended in 60 pl of RNase/DNase-free water. Extracted
RNA was then transcribed to first-strand complementary DNA
(cDNA) using the iScript Select cDNA synthesis kit (Bio-Rad
Laboratories, CA, United States) with its proprietary random
primer mix. Quality control 165-V4V5, 185-V1, and COI PCRs
were performed on the RNA extracts to test for potential
DNA contamination.

PCR Amplification and Sequencing

Nucleic acid extracts were normalized to 0.25 ng/pl, and 10 pl of
standardized samples were used in PCR. Four primer pairs were
used to amplify one mitochondrial and three rRNA barcode loci
targeting metazoans (COI, 18S-V1), micro-eukaryotes (18S-V4),
and prokaryotes (16S-V4V5 for homogeneity; Supplementary
Table S3). Two metazoan mock communities (detailed in Brandt
et al., 2020) were included for 18S-V1 and COI. For each
sample and marker, triplicate amplicon libraries (see Supporting
Information for amplification details) were prepared by ligation
of Illumina adapters on 100 ng of amplicons following the Kapa
Hifi HotStart NGS Library Amplification Kit (Kapa Biosystems,
Wilmington, MA, United States). After quantification and quality
control, library concentrations were normalized to 10 nM, and
8-9 pM of each library containing a 20% PhiX spike-in were
sequenced on a HiSeq2500 (System User Guide Part #15035786)
instruments in a 250 bp paired-end mode.

Bioinformatic Analyses

All bioinformatic analyses were performed using a Unix shell
script (Brandt et al., 2020), available on Gitlab', on a home-based
cluster (DATARMOR, Ifremer). The details of the pipeline, along
with specific parameters used for all metabarcoding markers,
are given in Supplementary Table S4 and in Brandt et al.
(2020). Pairs of Illumina reads were corrected with DADA2
v.1.10 (Callahan et al., 2016) following the online tutorial for
paired-end data® and delivered inventories of amplicon sequence
variants (ASVs). Metazoan data were further clustered into
operational taxonomic units (OTUs) with swarm v2, a single-
linkage clustering algorithm (Mahé et al., 2015) that aggregates
sequences iteratively and locally around seed sequences based on
d, the number of nucleotide differences, to determine coherent
groups of sequences, independent of amplicon input order,
allowing highly scalable and fine-scale clustering. ASVs were
swarm clustered at d-values of 4 for 185-V1 and 6 for COI, using
the FROGS pipeline (Escudié et al., 2018).

Thttps://gitlab.ifremer.fr/abyss- project/
Zhttps://benjjneb.github.io/dada2/tutorial.html
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We chose to evaluate micro-eukaryote and prokaryote
diversity at the ASV level due to its increasing use in the
literature (Callahan et al, 2017). Although the use of OTUs
may also be justified for microbial diversity depending on
study objectives (Brandt et al, 2020), we did not expect
an alteration of alpha and beta diversity patterns between
ASV and OTU levels for the different molecular treatments
investigated. ASVs and OTUs were taxonomically assigned via
BLAST + (v2.6.0) based on minimum similarity and minimum
coverage (-perc_identity 70 and -qcov_hsp 80). For ASVs,
sequences obtained with DADA2 were subsequently assigned
with blastn. For OTUs, BLAST assignment in FROGS was
performed using the affiliation_OTU.py command. It is not
uncommon for deep-sea taxa to have closest relatives in databases
(even congenerics) exhibiting nucleotide divergence exceeding
20% (Shank et al, 1999; Herrera et al, 2015). Considering
our interest in diverse and poorly characterized communities,
more stringent BLAST thresholds were thus not implemented
at this stage. However, additional filters were performed during
downstream bioinformatic processing described below, and
taxonomic information was used at phylum level, only when
the assignment was deemed reliable at this taxonomic level. The
Silval32 reference database was used for taxonomic assignment
of rRNA marker genes (Quast et al., 2012), and MIDORI-
UNIQUE (Machida et al., 2017) was used for COI.

Molecular inventories were refined in R v.3.5.1 (R Core Team,
2018). A blank correction was made using the decontam package
v.1.2.1 (Davis et al., 2018), removing all clusters that were more
prevalent in negative control samples than in true or mock
samples. Unassigned and non-target clusters were removed.
Additionally, for metazoan loci, all clusters with a terrestrial
assignment (groups known to be terrestrial-only) were removed.
Samples with fewer than 10,000 target reads were discarded. We
performed an abundance renormalization to remove spurious
ASVs/OTUs due to random tag switching (Wangensteen and
Turon, 2016). The COI OTU table was further curated with
LULU v.0.1 (Froslev et al., 2017) to limit the bias due to
pseudogenes, using a minimum co-occurrence of 0.93 and a
minimum similarity threshold of 84%.

Statistical Analyses
Sequence tables were analyzed using R with the packages
phyloseq v1.22.3 (McMurdie and Holmes, 2013), following
guidelines in online tutorials’, and vegan v2.5.2 (Oksanen et al.,
2018). Alpha diversity between molecular processing methods
was estimated with the number of observed target clusters
in rarefied datasets. Cluster abundances were compared via
analyses of deviances (ANODEV) on generalized linear mixed
models using negative binomial distributions, as the data were
overdispersed. Pairwise post hoc comparisons were performed
via Tukey honestly significant difference (HSD) tests using the
emmeans package.

Homogeneity of multivariate dispersions was evaluated
with the betapart package v.1.5.1 (Baselga and Orme, 2012),
and statistical tests performed on balanced datasets for COI

3http://joey711.github.io/phyloseq/tutorials-index.html

as dispersions were different between 2- and 10-g datasets
(Supplementary Table S5). Data were rarefied for metazoans and
Hellinger-normalized for microbial data.

Differences in community compositions resulting from
molecular processing were evaluated with Mantel tests (Jaccard
and Bray-Curtis dissimilarities for metazoan and microbial
taxa, respectively; Pearson’s product-moment correlation; 1,000
permutations). Permutational multivariate analysis of variance
(PERMANOVA) was performed on normalized datasets to
evaluate the effect of molecular processing and site on
community compositions using the function adonis2 (vegan)
with Jaccard dissimilarities (presence/absence) for metazoan
and Bray-Curtis dissimilarities for prokaryotes and micro-
eukaryotes. The rationale behind this choice is that metazoans
are multicellular organisms of extremely varying numbers of
cells, organelles, or ribosomal repeats in their genomes, and can
also be detected through a diversity of remains. The number
of reads can thus not be expected to reflect the abundance of
detected OTUs. Significance was evaluated via marginal effects
of terms using 10,000 permutations with site as a blocking
factor. Pairwise post hoc comparisons were performed via the
pairwiseAdonis package, with site as a blocking factor. Differences
between samples were visualized via principal coordinates
analysis (PCoA) based on the abovementioned dissimilarities.

Finally, taxonomic compositions in terms of cluster and read
abundance were compared between molecular processing
methods. In order to compare accurately phylum-level
taxonomic compositions, datasets were subsampled to clusters
having a minimum hit identity of 86% for rRNA loci and
80% for COI. These values were chosen as they represent
approximate minimum identity for reliable phylum assignment
(Stefanni et al., 2018).

RESULTS

High-Throughput Sequencing Results

A total of 70 million 18S-V1 reads, 61 million COI reads, 30
million 18S-V4 reads, and 45 million 16S-V4V5 reads were
obtained from four Ilumina HiSeq runs of pooled amplicon
libraries built from triplicate PCR replicates of 75 sediment
samples, two mock communities (for 185-V1 and COI), three
extraction blanks, and two to four PCR negative controls
(Supplementary Table S6). One to seven sediment samples
failed amplification in each dataset. These were always coming
from the same sampling sites (MDW-ST117 and MDW-ST38)
and predominantly comprised RNA samples (Supplementary
Table S6). After bioinformatic processing, read numbers were
reduced to 44 million for 18S-V1, 45 million for COI, 16 million
for 185-V4, and 24 million for 16S-V4V5 (Supplementary
Table S6). For eukaryote markers, fewer reads were retained in
negative controls (2-64%) than in true or mock samples (49-
83%), while the opposite was observed for prokaryotes with
165-V4V5 (62% of reads retained in control samples against
49-57% in true samples). Negative control samples (extraction
and PCR blanks) contained 0.001-0.6% of total processed reads
compared to 1.3-1.5% in true samples.

Frontiers in Marine Science | www.frontiersin.org

May 2020 | Volume 7 | Article 234


http://joey711.github.io/phyloseq/tutorials-index.html
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Brandt et al.

Molecular Tools for Extant Deep-Sea Biodiversity

DNA extracts obtained from the joint DNA/RNA protocol
based on the 2-g kit produced fewer eukaryotic reads than
DNA extracts from the 10-g kit, while similar yields were
obtained for prokaryotes. RNA extracts produced more reads
than DNA extracts with the ribosomal loci, while they
produced fewer reads with the mitochondrial COI locus
(Supplementary Table S6).

After data refining, abundance renormalization (Wangensteen
and Turon, 2016), and LULU curation for COI, the final
datasets comprised between 8.6 and 16.2 million target reads
for eukaryotes and 21.7 million prokaryote reads. Target reads
delivered 4,333 and 6,031 metazoan OTUs for COI and 18S-V1
respectively, 40,868 micro-eukaryote 18S-V4 ASVs, and 138,478
prokaryote 16S-V4V5 ASVs (Supplementary Table S6).

Alpha Diversity Between Processing
Methods

Rarefaction curves showed that a plateau was reached for all
samples, suggesting an overall sequencing depth adequate
to capture the diversity present (Supplementary Figure S1).
Processing methods significantly affected the number of
recovered eukaryote and prokaryote clusters, and significant
variability among sites was detected for 18S-V1 for homogeneity
and 18S-V4 (Table 1 and Supplementary Figure S2).

Molecular processing designed to remove small DNA
fragments (i.e., size selection of DNA to remove fragment
<1,000 bp and EtOH reconcentration) did not significantly
affect recovered cluster numbers obtained from eDNA extracted
from 10 g of sediment for any of the loci investigated
(Figure 1 and Table 1; Tukey’s HSD multiple comparisons tests,
p>0.9).

Extracts based on the 2-g kit resulted in more variability,
reflected by greater standard errors in mean recovered cluster
numbers (15-26% of the mean for eukaryotes, 7-9% for
prokaryotes) than in DNA extracts based on 10 g of sediment
(8-11% for eukaryotes, 3-6% for prokaryotes).

DNA extracted using the 2-g kit recovered significantly
fewer eukaryotic clusters than extracts based on ~10 g of
sediment (Figure 1 and Table 1), a trend consistent across
most taxa (Figure 2). DNA 2-g extracts recovered an average
of 110 £+ 16 18S-V1 and 113 + 27 COI metazoan OTUs
per sample compared to 264 £ 26 (18S-V1) and 222 + 23
(COI) in the DNA 10-g extracts. Similarly, DNA 10-g extracts
recovered on average 1,117 £ 100 protistan 18S-V4 ASVs per
sample compared to 595 £ 109 detected in DNA from the 2-
g kit. Contrastingly to eukaryotes, all DNA methods, whether
based on ~2 or ~10 g of sediment, resulted in comparable
prokaryote ASV numbers detected (Figures 1, 2 and Table 1;
p > 0.8), ranging from 5,330 &+ 199 to 5,810 £ 170 per
sample on average.

The joint RNA/DNA extracts shared 15% (COI) to 25%
(185-V1) of metazoan OTUs, 14% of protistan 18S-V4 ASVs,
and 25% of prokaryotic 16S ASVs (Supplementary Figure S3).
With COI, most unique OTUs were present in DNA extracts
(74%) and RNA detected significantly fewer metazoan OTUs
than co-extracted DNA (Figure 1, 44 & 12 versus 113 £ 27

respectively), a trend observed in most detected metazoan
phyla (Figure 2). Contrastingly, with ribosomal loci, most
clusters were unique to RNA (56% for 18S-V1, 63% for
185-V4, 45% for 16S; Supplementary Figure S3), which
recovered significantly more clusters than co-extracted DNA
(Figure 1 and Table 1). For prokaryotes, RNA extracts
even detected significantly more ASVs than DNA extracts
based on 10 g of sediment (Table 1 and Figure 1), a
pattern observed in most prokaryotic clades, except for
the Actinobacteria, Nanoarchaeaeota, Omnitrophicaeota, and
Thaumarchaeota (Figure 2). For 18S-V4 and 18S-V1, RNA
detected a cluster richness comparable to DNA 10-g extracts
(Tukey’s HSD multiple comparisons tests, p > 0.16), yet, average
cluster numbers per sample were higher in RNA than in DNA
10-g extracts in numerous groups (Figure 2).

Effect of Molecular Processing Methods

on Beta-Diversity Patterns

PERMANOVA showed that although site was the main
source of variation among samples (accounting for 20-
57% of variability), significant differences existed among
molecular methods in terms of community structure for all
loci investigated over and above any variation due to site
(Table 1). Pairwise comparisons indicated no significant effect
of small DNA fragment removal on revealed community
composition (Table 1), and high and significant correlations
in Mantel tests (r: 0.92-1.0, p = 0.001) confirmed the minor
effect of size selection and EtOH reconcentration. Based
on these results, the size-selected and EtOH-reconcentrated
DNA data were removed from further analyses, and
community structures of the DNA 10-g extracts were
compared with those derived from co-extracted DNA/RNA
using the 2-g kit.

Pairwise comparisons showed significant differences in
community structures between RNA and DNA for all markers
analyzed (Table 1). Ordinations confirmed the predominant
effect of site as the first two PCoA axes mostly resolved
spatial effects (Supplementary Figure S4) but also revealed that
communities detected by RNA differed from those detected
by DNA (co-extracted DNA and DNA 10-g), the level of
differentiation varying among sites (Figure 3).

Pairwise comparisons also indicated significant differences in
community structure between DNA extracts from the 2-g and 10-
g kits (Table 1) possibly due to higher variability among replicate
cores in the DNA 2-g method as seen in ordinations (Figure 3).

Extraction Kit Versus Nature of Nucleic
Acid

PERMANOVA of the dataset containing DNA 10-g,
DNA 2-g, and RNA 2-g extracts confirmed that site was
the predominant effect, explaining ~20% of variation
for metazoans, 33% of variation for micro-eukaryotes,
and 54% of variation for prokaryotes. The analysis also
indicated that the differences observed between processing
methods were predominantly due to the type of nucleic
acid rather than the kit used for extraction. Nucleic acid
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TABLE 1 | Changes in cluster richness and community structures with molecular processing method (DNA 10 g: DNA extracts from ~10 g of sediment with the
PowerMax Soil kit; DNA/RNA 2 g: DNA/RNA extracts from ~2 g of sediment with the RNeasy PowerSail kit) and site for the four studied genes.

Locus Cluster richness Community differentiation
Chi-square p-value Significant pairwise R2 p-value Significant pairwise
comparisons comparisons
18S-V1
Molecular processing 50.3 <0.001 DNA2 g < RNA 2 g* Molecular processing 0.06 <0.001 DNA2 g/RNA 2 g™
Site 16.2 <0.001 DNA10g>DNA2 g™  Site 0.23 <0.001 DNA 10 g/DNA 2 g™
Molecular processing x Site 0.19 0.16 DNA 10 g/RNA 2 g™
col
Molecular processing 57.3 <0.001 DNA2 g > RNA 2 g™ Molecular processing 0.09 <0.001 DNA2 g/RNA 2 g**
Site 2.2 0.14 DNA 10g > DNA 2 g* Site 0.20 <0.001 DNA 10 g/DNA 2 g*
DNA10g > RNA2g™  Molecular processing x Site 0.17  0.0013 DNA 10 g/RNA 2 g**
18S-V4
Molecular processing 38.3 <0.001 DNA2 g < RNA 2 g™~ Molecular processing 0.08 <0.001 DNA2 g/RNA 2 g**
Site 15.9 <0.001 DNA 10 g > DNA 2 g** Site 0.35 <0.001 DNA 10 g/DNA 2 g**
Molecular processing x Site 0.20 <0.001 DNA 10 g/RNA 2 g**
16S
Molecular processing 55.0 <0.001 DNA2 g < RNA 2 g* Molecular processing 0.06 <0.001 DNA2 g/RNA 2 g
Site 3.4 0.07 DNA10g <RNA2 g™  Site 0.57 <0.001 DNA 10 g/DNA 2 g**
Molecular processing x Site 0.14 <0.001 DNA 10 g/RNA 2 g

ANODEVs were performed on mixed models with negative binomial distributions using rarefied datasets. PERMANOVAs were calculated on normalized datasets by

permuting 10,000 times with Site as a blocking factor using Jaccard dissimilarities for 18S-V1 and COl and Bray-Curtis dissimilarities for 18S-VV4 and 16S. Significant

p-values are in bold. For pairwise comparisons, DNA 10 g comprises all processing methods based on DNA extracted from ~10 g of sediment, and significance codes
re **p < 0.001; **p < 0.01; *p < 0.05.
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FIGURE 1 | Violin plot showing detected numbers of metazoan operational taxonomic units (OTUs) (COI, 18S-V1), micro-eukaryote (18S-V4) amplicon sequence
variants (ASVs), and prokaryote (16S) ASVs recovered by the five molecular processing methods evaluated in this study (DNA 10 g: crude DNA extracts from ~10 g
of sediment with the PowerMax Soil kit; DNA 10 g EtOH rec EtOH reconcentrated 10 g DNA extracts; DNA 10 g S-S: size-selected 10 g DNA extracts; DNA/RNA
2 g: crude DNA/RNA extracts from ~2 g of sediment with the RNeasy PowerSoil kit). Cluster abundances were calculated on rarefied datasets. Boxplots show
medians with interquartile ranges. Red dots indicate mean values.

nature (DNA versus RNA) led to significant differences at read numbers, resolved taxonomic structures were also
among assemblages for all loci, while DNA extraction more similar among DNA-based methods (Supplementary
kit resulted in significant differences only for 18S-V1 and Figure S6). Comparing read and cluster abundances
18S-V4 (Supplementary Table S7). revealed that relative taxonomic compositions based on

This supported observations in relative taxonomic read numbers (Supplementary Figure S6) were comparable
compositions, which were more similar between samples based to those based on cluster numbers (Figure 4) for micro-
on DNA (Figure 4), a pattern consistent across cores within eukaryotes and prokaryotes and confirmed that this was not the
each site (Supplementary Figure S5). Expectedly, when looking  case for metazoans.
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DISCUSSION

The aim of this study was to evaluate different molecular methods
in order to select the most appropriate eDNA metabarcoding
protocol to inventory contemporary deep-sea communities, with
the lowest possible bias due to aDNA.

Using RNA rather than DNA to inventory contemporaneous
communities has been suggested as a means of avoiding
the bias due to long-term persistence of DNA in marine
sediments. Indeed, RNA is only produced by living organisms
and is thought to quickly degrade when released in the
environment due to spontaneous hydrolysis and the abundance
of RNases (Torti et al., 2015). Expectedly, in our COI dataset,
RNA resulted in fewer OTUs (Figure 1) and detected fewer
phyla (Figure 2) than co-extracted DNA. Contrastingly, for
ribosomal loci, RNA detected higher cluster numbers than
co-extracted DNA (Figure 1), resulting in more clusters per
sample for most of the taxonomic groups detected (Figure 2).
In these joint datasets, 45-63% of clusters were unique to
RNA (Supplementary Figure S2). These unique clusters were
not singleton clusters as only up to 2.2% of them had fewer
than three reads, even if 5-28% had fewer than 10 reads

(data not shown). Although proportions vary strongly among
investigations, other studies using ribosomal loci have also
reported increased recovery of OTUs in RNA datasets as well
as considerable amounts of unshared OTUs between joint RNA
and DNA data (Guardiola et al., 2016; Laroche et al., 2017, and
references therein).

This difference observed here between COI and ribosomal
loci is likely related to the nature of the targeted RNA molecule.
The rapid hydrolysis of RNA mostly applies to random coils
(like messenger RNA), while helical conformations (including
most types of RNA, such as ribosomal RNA, transfer RNA, viral
genomic RNA, or ribozymes) are less prone to hydrolysis by
water molecules (Torti et al., 2015). The degradation of rRNA
is thus likely to be much slower than that of messenger RNA
(mRNA), which, combined with decreased digestion by RNases
due to adsorption onto sediment particles (Torti et al., 2015),
makes long-term persistence of rRNA possible and observed
in sediments and even in fossils (Orsi et al., 2013; Cristescu,
2019). Finally, the great abundance of RNA over DNA in living
organisms (e.g., 20.5% versus 3.1% in Escherichia coli) may also
favor its persistence in the environment. This is especially true
for rRNA, which is represented in a cell’s RNA pool as many times
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as there are ribosomes, while only being present in a few copies
(10-150) in the genome (Torti et al., 2015).

While RNA has been reported as an effective way to depict
the active community compartment (Baldrian et al., 2012;
Lejzerowicz et al., 2013b; Pawlowski et al., 2014), variation in
activity levels between taxonomic groups as well as differences
in life histories, life strategies, and non-growth activities may
confound this interpretation and generate taxonomic bias
(Blazewicz et al, 2013). Instead, DNA/RNA ratios might
reflect different genomic architectures (variation in rDNA copy
number) among taxonomic groups rather than different relative
activities (Massana et al., 2015). Thus, eRNA data need to be
interpreted with caution, as some molecular clusters could be
overrepresented due to increased cellular activities (Pochon et al.,
2017). This could explain the higher cluster numbers detected
here for ribosomal loci with eRNA compared to eDNA for several
taxa (Figure 2).

Moreover, many of the unique RNA ASVs/OTUs may be
artifacts from the reverse transcription of RNA to cDNA, a
process known to generate errors that are difficult to measure
and detect in bioinformatic analyses (Laroche et al., 2017) but
highlighted by the greater amounts of chimeras detected in RNA

extracts with ribosomal loci (Supplementary Table S6). This
overestimation of RNA-based data will affect non-clustered data
more than clustered datasets, in line with the results observed
here for microbial ASVs and metazoan OTUs.

In terms of beta diversity patterns, although RNA and DNA
detected significantly different communities (Table 1), DNA
and RNA samples resolved similar spatial configurations, with
samples clustering by site (Figure 3). This is consistent with
Guardiola et al. (2016), who also reported similar patterns of
ecological differentiation between DNA and RNA in deep-sea
sites, although both datasets resolved different communities.
Although the comparative study performed here targeted only
the first 1 cm layer of sediment, the comparable results obtained
by Guardiola et al. (2016) on 5 cm suggest that these findings
may be expanded to deeper layers of sediments. However,
spatial variation was more pronounced with DNA samples for
eukaryotes, which is congruent with Laroche et al. (2017),
who suggested that eDNA may be more reliable for assessing
differences in community composition.

Thus, due to its suspected persistence in the environment and
the unknown but potentially additional sources of bias suspected
here, using eRNA for metabarcoding of deep-sea sediments does
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not seem to effectively address the problem of aDNA, and even
less so for ribosomal loci. Other studies suggested that a more
efficient way to deal with aDNA may be to use joint RNA
and DNA datasets and trim for shared OTUs (Laroche et al.,
2017; Pochon et al., 2017). This is however particularly stringent
(given the low shared OTU proportions observed in this and
other studies) and may result in a substantial number of false
negatives. With COI, while mRNA may be more effectively
targeting living organisms, the approach remains confronted with
the taxonomic bias mentioned above, combined with higher
in vitro lability of mRNA, making it more challenging to work
with (highlighted by the increased failure of RNA extracts in this
study; Supplementary Table S6).

Removing small DNA fragments via size selection (removing
fragments < 1,000 bp) or EtOH reconcentration did not affect
recovered cluster numbers in any of the biological compartments
investigated (Figure 1). The methods also did not result in
any significant difference in community structures (Table 1),
suggesting that small, likely ancient, DNA fragments have a
negligible impact on biodiversity inventories produced through
eDNA metabarcoding. This finding is in line with results from the
deep-sea (Guardiola et al., 2016; Ramirez et al., 2018) and various
other habitats (Lennon et al., 2018), which showed no evidence

that spatial patterns were blurred by “dead” DNA persistence, and
suggested a minimal effect of extracellular DNA on estimates of
taxonomic and phylogenetic diversity.

None of the methods evaluated in the present study removes
DNA not enclosed in living cells (e.g., DNA in organelles, DNA
from dead cells. . .). It is still unclear how long DNA can remain
intracellular after cell death or within organelles. Future research
quantifying the rate at which “dead” intracellular DNA becomes
extracellular and degraded, and investigation of deeper layers
of sediment, will be valuable to estimate the potential bias of
archived intracellular DNA in eDNA metabarcoding inventories
of extant communities. However, there is increasing evidence
that DNA from non-living cells is mostly contemporary (Lennon
etal., 2018). This ability to detect extant taxa that were not present
in the sample at the time of collection highlights the capacity of
eDNA metabarcoding to detect local presence of organisms even
from their remains or excretions, and even with a small amount
of environmental material.

It remains to be elucidated whether more cost- and time-
effective extraction protocols specifically targeting extracellular
DNA offer similar ecological resolution as total DNA kits. This
is suggested to be the case for terrestrials soils (Taberlet et al.,
2012b; Zinger et al., 2016), although authors have highlighted
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that conclusions from these studies should be interpreted with
caution as results might be influenced by actively released and
ancient DNA (Nagler et al., 2018). The only available study testing
this in the deep-sea showed that richness patterns were strikingly
different in several metazoan phyla between extracellular DNA
and total DNA. The authors suggested this to be the result of
activity bias: sponges and cnidarians were overrepresented in the
extracellular DNA pool because they continuously expel DNA,
while nematodes were underrepresented as their cuticles shield
DNA (Guardiola et al., 2016). As this comparison was performed
on samples collected in two consecutive years, differences
observed may partly result from temporal variation. However,
another study of shallow and mesobenthic macroinvertebrates
showed that targeting solely the extracellular eDNA compartment
of marine sediments led to the detection of more than 100 taxa
fewer than bulk metabarcoding or morphology, suggesting that
extracellular DNA may not be adequate for marine sediments
(Aylagas et al., 2016).

Larger amounts of sediment (>10 g) allowed detecting
significantly more eukaryotic clusters. This was not true for
prokaryotes, for which both ~2 and ~10 g of sediment detected
similar numbers of ASVs (Table 1 and Figure 1). It may be
suggested that in the joint RNA/DNA kit, DNA elution occurring
after RNA elution induces partial DNA loss. However, such effect
would be expected to equally affect eu- and prokaryotes, which
was not the case here, supporting the fact that the quantity of
the starting material significantly affects results for eukaryotes.
The importance of adjusting the amount of starting material
to the biological compartment investigated has already been
documented (Creer et al.,, 2016; Dopheide et al.,, 2019), and
this study confirms that while 2-5 g of deep-sea sediment
may be enough to capture prokaryote diversity, microbial
eukaryotes and metazoans are more effectively surveyed with
larger sediment volumes.

Finally, the ~2-g protocols were generally associated with
higher variability among replicate cores for all loci investigated
(Figures 1, 3). This variability increases confidence intervals,
reduces statistical power, and increases the risk of not identifying
differences among communities, and thus impacts in EIA studies
(Type II errors). Small-scale (centimeters to meters) patchiness
has often been reported in the deep-sea (Grassle and Maciolek,
1992; Smith and Snelgrove, 2002; Lejzerowicz et al., 2014).
While technical (PCR) replicates allow increasing taxon detection
probability (decrease false positives), this within-site variability
can only be mitigated by collecting more biological replicates per
sampling station and using a sufficiently high amount of starting
material to extract nucleic acids.
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CHAPTER 1

3. Bioinformatic pipelines combining denoising and clustering
tools allow for more comprehensive prokaryotic and
eukaryotic metabarcoding

Résume de l'article en francais

Le métabarcoding a partir dADN environnemental est un outil important pour I'étude de la
biodiversité. Cependant, le traitement bioinformatique appliqué doit étre adapté a la diversité
des compartiments taxonomiques visés ainsi qu’aux spécificitts des genes marqueurs
choisis. Nous avons implémenté et testé un pipeline basé sur la correction de séquences avec
DADA2 dans le but d’analyser des données de métabarcoding procaryotes (16S) et
eucaryotes (18S, COI). Nous avons inclus la possibilité d'agréger les variants de séquences
d’amplicon (ASVs) en unités taxonomiques opérationnelles (OTUs) avec Swarm, algorithme
de clustering basé sur I'analyse de réseaux, et I'option de filtrer les ASVs/OTUs avec LULU.
Enfin, I'assignation taxonomique est possible en utilisant le classifieur bayésien du Ribosomal
Database Project (RDP) et/ou BLAST. Nous avons évalué ce pipeline pour deux marqueurs
ribosomaux et un marqueur mitochondrial en utilisant des communautés synthétiques
métazoaires et 42 échantillons de sédiments abyssaux.

Les résultats montrent qu’ASVs et OTUs décrivent des niveaux différents de diversité, a
choisir suivant les questions scientifiques considérées. Par ailleurs, la complémentarité du
clustering et de la filtration avec LULU permet de produire des inventaires de biodiversité
métazoaire proches de ceux obtenus en utilisant des critéres morphologiques. En effet, le
regroupement des séquences efface la variabilité intraspécifique, et d’autre part, LULU retire
efficacement les groupes fallacieux issus d’erreurs ou de variabilité intragénomique.
L’utilisation de Swarm a un impact différent sur les diversités alpha et béta mesurées en
fonction du géne marqueur. Plus précisément, les valeurs de d supérieures a 1 semblent

moins adaptées lors de I'utilisation du 18S pour caractériser les communautés métazoaires.
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CHAPTER 1

De méme, ajuster le minimum ratio de LULU s’est avéré crucial pour éviter de perdre des
espéces dans les jeux de données comprenant peu d’échantillons. Enfin, la comparaison des
résultats d’assignation de BLAST et RDP a démontré la fiabilité de RDP pour les espéces de
I'océan profond, mais a souligné la nécessité d’'un effort concerté pour créer des bases de

données complétes et spécifiques des écosystémes considérés.

84



Received: 12 February 2020 | Revised: 31 December 2020

'.) Check for updates

Accepted: 29 March 2021

DOI: 10.1111/1755-0998.13398

RESOURCE ARTICLE

MOLECULAR ECOLOGY

WILEY

Bioinformatic pipelines combining denoising and clustering
tools allow for more comprehensive prokaryotic and eukaryotic

metabarcoding

Miriam I. Brandt!

| Blandine Trouche?

| Laure Quintric® | Babett Giinther!

Patrick Wincker*> | Julie Poulain®*® | Sophie Arnaud-Haond?

1MARBEC, University of Montpellier,
Ifremer, IRD, CNRS, Séte, France
2| aboratoire de Microbiologie des

Environnements Extrémes, University of
Brest, Ifremer, CNRS, Plouzané, France

SCellule Bioinformatique, Ifremer,
Plouzané, France

4Génomique Métabolique, Genoscope,
Institut Francois Jacob, CEA, CNRS,

Université of Evry, Université Paris-Saclay,

Evry, France

SResearch Federation for the study of
Global Ocean Systems Ecology and
Evolution, Paris, France

Correspondence

Sophie Arnaud-Haond and Miriam I.
Brandt, MARBEC, Ifremer, University of
Montpellier, IRD, CNRS, Séte, France.

Email: sarnaud@ifremer.fr; miriam.isabelle.

brandt@gmail.com

Funding information

Ifremer, Grant/Award Number:
AP2016-228; France Génomique, Grant/
Award Number: ANR-10-INBS-09;
Genoscope-CEA

Abstract

Environmental DNA metabarcoding is a powerful tool for studying biodiversity.
However, bioinformatic approaches need to adjust to the diversity of taxonomic
compartments targeted as well as to each barcode gene specificities. We built and
tested a pipeline based on read correction with DADAZ2 allowing analysing metabar-
coding data from prokaryotic (16S) and eukaryotic (18S, COI) life compartments. We
implemented the option to cluster amplicon sequence variants (ASVs) into operational
taxonomic units (OTUs) with swarm, a network-based clustering algorithm, and the
option to curate ASVs/OTUs using LULU. Finally, taxonomic assignment was imple-
mented via the Ribosomal Database Project Bayesian classifier (RDP) and BLAST.
We validated this pipeline with ribosomal and mitochondrial markers using metazoan
mock communities and 42 deep-sea sediment samples. The results show that ASVs
and OTUs describe different levels of biotic diversity, the choice of which depends on
the research questions. They underline the advantages and complementarity of clus-
tering and LULU-curation for producing metazoan biodiversity inventories at a level
approaching the one obtained using morphological criteria. While clustering removes
intraspecific variation, LULU effectively removes spurious clusters, originating from
errors or intragenomic variability. Swarm clustering affected alpha and beta diversity
differently depending on genetic marker. Specifically, d-values > 1 appeared to be less
appropriate with 18S for metazoans. Similarly, increasing LULU’s minimum ratio level
proved essential to avoid losing species in sample-poor data sets. Comparing BLAST
and RDP underlined that accurate assignments of deep-sea species can be obtained
with RDP, but highlighted the need for a concerted effort to build comprehensive,

ecosystem-specific databases.
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1 | INTRODUCTION

High-throughput sequencing (HTS) technologies are revolutioniz-
ing the way we assess biodiversity. By producing millions of DNA
sequences per sample, HTS allows broad taxonomic biodiversity
surveys through metabarcoding of bulk DNA from complex commu-
nities or from environmental DNA (eDNA) directly extracted from
soil, water, and air samples. First developed to unravel cryptic and
uncultured prokaryotic diversity, metabarcoding methods have been
extended to eukaryotes as powerful, noninvasive tools, allowing de-
tection of a wide range of taxa in a rapid, cost-effective way using a
variety of sample types (Creer et al., 2016; Stat et al., 2017; Taberlet
et al.,, 2012; Valentini et al., 2009). In the last decade, these tools
have been used to describe past and present biodiversity in terres-
trial (Ji et al., 2013; Pansu et al., 2015; Slon et al., 2017; Yoccoz et al.,
2012; Yu et al., 2012), freshwater (Bista et al., 2015; Deiner et al.,
2016; Dejean et al., 2011; Evans et al., 2016; Valentini et al., 2016),
and marine (Bik et al., 2012; Boussarie et al., 2018; Fonseca et al.,
2010; Massana et al., 2015; Pawlowski et al., 2011; Salazar et al.,
2016; Sinniger et al., 2016; Vargas et al., 2015) environments.

As every new technique brings on new challenges, a number
of studies have put considerable effort into delineating critical as-
pects of metabarcoding protocols to ensure robust and reproduc-
ible results (see Figure 1 in Fonseca, 2018). Recent studies have
addressed many issues regarding sampling methods (Dickie et al.,
2018), contamination risks (Goldberg et al., 2016), DNA extraction
protocols (Brannock & Halanych, 2015; Deiner et al., 2015; Zinger
et al., 2016), amplification biases and required PCR replication lev-
els for improved detection probability (Alberdi et al., 2017; Ficetola
et al., 2015; Nichols et al., 2018). Similarly, computational pipelines,
through which molecular data are transformed into ecological in-
ventories of putative taxa, have also been in constant improvement.
PCR-generated errors and sequencing errors are major bioinformatic
challenges for metabarcoding pipelines, as they can strongly bias
biodiversity estimates (Bokulich et al., 2013; Coissac et al., 2012). A
variety of tools have thus been developed for quality-filtering am-
plicon data to remove erroneous reads and improve the reliability
of Illumina-sequenced metabarcoding inventories (Bokulich et al.,
2013; Eren et al., 2013; Minoche et al., 2011). Studies that evaluated
bioinformatic processing steps have generally found that sequence
quality-filtering parameters and clustering thresholds most strongly
affect molecular biodiversity inventories, resulting in considerable
variation during data analysis (Brannock & Halanych, 2015; Brown
et al., 2015; Clare et al., 2016; Xiong & Zhan, 2018).

There were historically two mainreasons for clustering sequences
into operational taxonomic units (OTUs). The first was to limit the
bias due to PCR, sequencing errors, and intragenomic variability
(e.g., pseudogenes) by clustering erroneous sequences with error-
free target sequences. The second was to delineate OTUs as clus-
ters of homologous sequences (by grouping the alleles/haplotypes
of a same locus) that would best fit a “morphospecies level”, that is,
the OTUs defined using a classical phenetic proxy (Sokal & Crovello,
1970). Recent bioinformatic algorithms alleviate the influence of

errors and intraspecific variability in metabarcoding data sets. First,
amplicon-specific error correction methods, commonly used to cor-
rect sequences produced by pyrosequencing (Coissac et al., 2012),
have now become available for lllumina-sequenced data. Introduced
in 2016, DADA2 effectively corrects lllumina sequencing errors
and has quickly become a widely used tool, particularly in the mi-
crobial world, producing more accurate biodiversity inventories and
resolving finescale genetic variation by defining amplicon sequence
variants (ASVs) (Callahan et al., 2016; Nearing et al., 2018). Second,
LULU is a recently developed curation algorithm designed to filter
out spurious clusters, originating from PCR and sequencing errors,
or intraindividual variability (pseudogenes, heteroplasmy), based on
their similarity (minimum match) and co-occurrence rate (minimum
relative cooccurence) with more abundant clusters, allowing the
acquisition of curated data sets while avoiding arbitrary abundance
filters (Frgslev et al., 2017). The authors validated their approach on
metabarcoding of plants using ITS2 (nuclear ribosomal internal tran-
scribed spacer region 2) and evaluated it on several pipelines. Their
results show that ASV definition with DADA2, subsequent cluster-
ing to address intraspecific variation, and final curation with LULU
is the safest pathway for producing reliable and accurate metabar-
coding data. The authors concluded that their validation on plants is
relevant to other organism groups and other markers, while recom-
mending future validation of LULU on mock communities as LULU'’s
minimum match parameter may need to be adjusted to less variable
marker genes.

The impact of errors being strongly decreased by correction
algorithms such as DADA2 and LULU, the relevance of clustering
sequences into OTUs is now being debated. Indeed, after present-
ing their new algorithm on prokaryotic communities, the authors of
DADAZ2 proposed that the reproducibility and comparability of ASVs
across studies challenge the need for clustering sequences, as OTUs
have the disadvantage of being study-specific and defined using ar-
bitrary thresholds (Callahan et al., 2017). Yet, clustering sequences
may still be necessary in metazoan data sets, where very distinct
levels of intraspecific polymorphism can exist in the same gene re-
gion among taxa, due to both evolutionary and biological specificity
(Bucklin et al., 2011; Phillips et al., 2019). ASV-based inventories will
thus be biased in favour of taxa with high levels of intraspecific di-
versity, even though these are not necessarily the most abundant
ones (Bazin et al., 2006). Such bias is magnified with presence-
absence data, commonly used for metazoan metabarcoding (Ji et al.,
2013). However, as intraspecific polymorphism and interspecific
divergence are phylum-specific, imposing a universal clustering
threshold on metabarcoding data sets is also introducing bias, pe-
nalizing groups with lower polymorphism or divergence levels, while
overestimating species diversity in groups with higher interspecific
divergence. Universal clustering thresholds can be avoided with
tools such as swarm v2, a single-linkage clustering algorithm (Mahé
et al., 2015), implemented in recent bioinformatic pipelines, such as
FROGS (Escudié et al., 2018) or SLIM (Dufresne et al., 2019). Based
on network theory, swarm v2 aggregates sequences iteratively and
locally around seed sequences, based on d, the number of nucleotide
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differences, to determine coherent groups of sequences, indepen-
dent of amplicon input order, allowing highly scalable and finescale
clustering. Finally, it is widely recognized that homogeneous enti-
ties sharing a set of evolutionary and ecological properties, namely,
species (Mayr, 1942; de Queiroz, 2005), sometimes also referred to
as “ecotypes” for prokaryotes (Cohan, 2001; Gevers et al., 2005),
represent a fundamental category of biological organization that is
the cornerstone of most ecological and evolutionary theories and
empirical studies. However, maintaining ASV information for feed-
ing databases and cross-comparing studies is not incompatible with
their clustering into OTUs, and this choice likely depends on the pur-
pose of the study (for example, providing a census of the extent and
distribution of genetic polymorphism for a given gene, or a census of
biodiversity to be used and manipulated in ecological or evolution-
ary studies).

Here, we evaluated DADA2 and LULU, using them alone and
in combination with swarm v2, to assess the performance of these
new tools for metabarcoding of metazoan communities. Using both
mitochondrial COl and the V1-V2 region of the 18S ribosomal RNA
(rRNA) gene, we evaluated the need for clustering and the effective-
ness of LULU curation to select pipeline parameters delivering the
most accurate resolution of two deep-sea mock communities. We
then tested the different bioinformatic tools on a deep-sea sediment
data set in order to select an optimal trade-off between inflating
biodiversity estimates and loosing rare biodiversity. As a baseline for
comparison, and in the perspective of the joint study of metazoan
and microbial taxa, we also analysed the 16S V4-V5 rRNA barcode
on these environmental samples.

Our objectives were to (a) discuss the use of ASV versus OTU-
centred data sets depending on taxonomic compartment and study
objectives, and (b) determine the most adequate swarm-clustering
and LULU curation thresholds that avoid inflating biodiversity esti-

mates while retaining rare biodiversity.

2 | MATERIALS AND METHODS

2.1 | Preparation of samples

2.1.1 | Mock communities

Two genomic-DNA mass-balanced metazoan mock communities
(5 ng/pl) were prepared using standardized 10 ng/pl DNA extracts
of 10 deep-sea specimens belonging to five taxonomic groups
(Polychaeta, Crustacea, Anthozoa, Bivalvia, Gastropoda; Table S1).
Specimen DNA was extracted using a CTAB extraction protocol,
from muscle tissue or from whole polyps in the case of cnidarians.
The mock communities differed in terms of ratios of total genomic
DNA from each species, with increased dominance of three species
and secondary species DNA input decreasing from 3% to 0.7%. We
individually barcoded the species present in the mock communities:
PCRs of both target genes were performed using the same primers
as the ones used in metabarcoding (see below). The PCR reactions
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(25 ul final volume) contained 2 pl DNA template with 0.5 pM con-
centration of each primer, 1x Phusion Master Mix, and an additional
1 mM MgCl, for COI. PCR amplifications (98°C for 30 s; 40 cycles of
10sat 98°C, 45 s at 48°C(COI) or 57°C(18S), 30 s at 72°C; and 72°C
for 5 min) were cleaned up with ExoSAP (Thermo Fisher Scientific)
and sent to Eurofins (Eurofins Scientific) for Sanger sequencing. The
barcode sequences obtained for all mock specimens were added to
the databases used for taxonomic assignments of metabarcoding
data sets, and were submitted on Genbank under accession numbers
MN826120-MN826130 and MN844176-MN844185.

2.1.2 | Environmental DNA

Sediment cores were collected from fourteen deep-sea sites rang-
ing from the Arctic to the Mediterranean during various cruises
(Table S2). Sampling was carried out with a multicorer or with a re-
motely operated vehicle. Three tube cores were taken at each sam-
pling station (GPS coordinates in Table S2). The latter were sliced
into depth layers that were transferred into zip-lock bags, homog-
enised, and frozen at -80°C on board before being shipped on dry
ice to the laboratory. The first layer (0-1 cm) was used in the present
study. DNA extractions were performed using approximately 10 g
of sediment with the PowerMax Soil DNA Isolation Kit (Qiagen). To
increase the DNA yield, the elution buffer was left on the spin filter
membrane for 10 min at room temperature before centrifugation.
The ~5 ml extract was then split into three parts, one of which was
kept in screw-cap tubes for archiving purposes and stored at -80°C.
For the four field controls, the first solution of the kit was poured
into the control zip-lock bag, before following the usual extraction
steps. For the two negative extraction controls, a blank extraction
(adding nothing to the bead tube) was performed alongside sample

extractions.

2.2 | Amplicon library construction and high-
throughput sequencing

Two primer pairs were used to amplify the mitochondrial COI and
the 18S V1-V2 rRNA barcode genes specifically targeting meta-
zoans, and one pair of primer was used to amplify the prokaryote
16S V4-V5 region. PCR amplifications, library preparation, and se-
quencing were carried out at Genoscope (Evry, France) as part of the
eDNADbyss project. Four (16S), eight (18S), and 10 (COI) control PCRs
were performed alongside sample PCRs, depending on the amount

of trials needed to achieve successful amplification.
2.2.1 | Eukaryotic 18S V1-V2 rRNA gene
amplicon generation

Amplifications were performed with the Phusion High Fidelity
PCR Master Mix with GC buffer (Thermo Fisher Scientific) and the
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SSUF04 (5'- GCTTGTCTCAAAGATTAAGCC-3') and SSUR22mod (5'-
CCTGCTGCCTTCCTTRGA-3’) primers (Sinniger et al., 2016), pref-
erentially targeting metazoans, the primary focus of this study. The
PCR reactions (25 pl final volume) contained 2.5 ng or less of DNA
template with 0.4 pM concentration of each primer, 3% of DMSO,
and 1X Phusion Master Mix. Three PCR replicates (98°C for 30 s;
25 cycles of 10 s at 98°C, 30 s at 45°C, 30 s at 72°C; and 72°C for
10 min) were performed in order to smooth the intrasample vari-
ance while obtaining sufficient amounts of amplicons for Illlumina

sequencing.

2.2.2 | Eukaryotic COIl gene amplicon generation
Metazoan COI barcodes were generated using the mICOlintF (5’
-GGWACWGGWTGAACWGTWTAYCCYCC-3') and jgHCO2198
(5- TAIACYTCIGGRTGICCRAARAAYCA-3') primers (Leray et al.,
2013). Triplicate PCR reactions (20 ul final volume) contained 2.5 ng
or less of total DNA template with 0.5 uM final concentration of
each primer, 3% of DMSO, 0.175 mM final concentration of dNTPs,
and 1x Advantage 2 Polymerase Mix (Takara Bio). Cycling conditions
included a 10 min denaturation step followed by 16 cycles of 95°C
for 10 s, 30 s at 62°C (-1°C per cycle), 68°C for 60 s, followed by 15
cycles of 95°C for 10's, 30 s at 46°C, 68°C for 60 s and a final exten-
sion of 68°C for 7 min.

2.2.3 | Prokaryotic 16S rRNA gene
amplicon generation

Prokaryotic barcodes were generated using 515F-Y (5- GTGYCAGC
MGCCGCGGTAA-3')and 926R (5- CCGYCAATTYMTTTRAGTTT-3)
16S V4-V5 primers (Parada et al., 2016). Triplicate PCR reactions
were prepared as described above for 18S V1-V2, but cycling con-
ditions included a 30 s denaturation step followed by 25 cycles of
98°C for 10's, 53°C for 30 s, 72°C for 30 s, and a final extension of
72°C for 10 min.

2.24 | Amplicon library preparation

PCR triplicates were pooled and PCR products purified using 1X
AMPure XP beads (Beckman Coulter) clean up. Aliquots of puri-
fied amplicons were run on an Agilent Bioanalyser using the DNA
High Sensitivity LabChip kit (Agilent Technologies) to check their
lengths and quantified with a Qubit fluorimeter (Invitrogen).
One hundred nanograms of pooled amplicon triplicates were
directly end-repaired, A-tailed and ligated to lllumina adapters
on a Biomek FX Laboratory Automation Workstation (Beckman
Coulter). Library amplification was performed using a Kapa Hifi
HotStart NGS library Amplification kit (Kapa Biosystems) with the
same cycling conditions applied for all libraries and purified using
1X AMPure XP beads.

2.2.5 | Sequencing library quality control

Amplicon libraries were quantified by Quant-iT dsDNA HS assay kits
using a Fluoroskan Ascent microplate fluorometer (Thermo Fisher
Scientific) and then by qPCR with the KAPA Library Quantification
Kit for Illumina Libraries (Kapa Biosystems) on an MxPro instrument
(Agilent Technologies). Library profiles were assessed using a high-
throughput microfluidic capillary electrophoresis system (LabChip
GX).

2.2.6 | Sequencing procedures

Amplicon libraries are characterized by low diversity sequences at
the beginning of the reads due to the presence of the primer se-
quence. Low-diversity libraries can interfere in correct cluster iden-
tification, resulting in a drastic loss of data output. Therefore, loading
concentrations of libraries were decreased to 8-9 pM (instead of
12-14 pM for standard libraries) and PhiX DNA spike-in was set to
20% in order to minimize impacts on run quality. Libraries were se-
quenced on HiSeq2500 (System User Guide Part # 15035786) in-
struments (Illumina) in a 250 bp paired-end mode.

2.3 | Bioinformatic analyses

All bioinformatic analyses were performed using a Unix shell script
run on a home-based cluster (DATARMOR, Ifremer). The script is
available on Gitlab (https://gitlab.ifremer.fr/abyss-project/) and is
based on DADA2 v.1.10 (Callahan et al., 2016) and FROGS (Escudié
et al., 2018) as core processing tools. It allows the use of sequence
data obtained from libraries produced by double PCR or adaptor li-
gation methods, as well as having built-in options for using six com-
monly used metabarcoding primers.

For all analyses, the mock communities were analysed alongside
all environmental samples, and used to validate the metabarcod-
ing pipeline in terms of detection of correct species and presence
of false-positives. The details of the pipeline, along with specific
parameters used for all three metabarcoding markers are listed in
Table S3.

2.3.1 | Reads preprocessing

Our multiplexing strategy relies on ligation of adapters to ampli-
con pools, meaning that contrary to libraries produced by double
PCR, the reads in each paired sequencing run can be forward or
reverse. DADA2 correction is based on error distribution differ-
ing between R1 and R2 reads. We thus developed a custom script
(abyss-preprocessing in abyss-pipeline) allowing separating forward
and reverse reads in each paired run and reformatting the outputs to
be compatible with DADA2. Briefly, the script uses cutadapt v1.18
to detect and remove primers, while separating forward and reverse
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reads in each paired sequence file to produce two pairs of sequence
files per sample named R1F/R2R and R2F/R1R. Cutadapt parameters
(Table S3) were set to require an overlap over the full length of the
primer (default: 3 nt), with 2-4 nt mismatches allowed for ribosomal
loci, and 7 nt mismatches allowed for COI (default: 10%). Each identi-
fied forward and reverse read is then renamed which the correct ex-
tension (/1 and /2 respectively), which is a requirement for DADA2
to recognize the pairs of reads. Each pair of renamed sequence files
is then re-paired with BBMAP Repair v38.22 in order to remove sin-
gleton reads (nonpaired reads). Optionally, sequence file names can
also be renamed if necessary using a CSV correspondence file.

2.3.2 | Read correction, amplicon cluster
generation and taxonomic assignment

Pairs of lllumina reads were corrected with DADA2 following the
online tutorial for paired-end HiSeq data (https://benjjneb.github.
io/dada2/bigdata_paired.html). Reads containing ambiguous bases
removed and trimming lengths were adjusted based on sequence
quality profiles, so that Q-scores remained above 30 (truncLen at
220 for 18S and 16S, 200 for COIl, maxEE at 2, truncQ at 11, maxN
at 0). Error model calculation (for R1F/R2R read pairs and then R2F/
R1R read pairs), read correction, and read merging was performed
at default settings. Amplicons were filtered by size, with size ranges
set to 330-390 bp for the 18S SSU rRNA marker gene, 300-326 bp
for the COIl marker gene, and 350-390 bp for the 16S rRNA marker
gene, based on raw size distributions observed. Chimera removal
and taxonomic assignment were performed with default methods
implemented in DADA2.

A second taxonomic assignment method was optionally imple-
mented in the pipeline, allowing assigning ASVs using basic local
alignment search tool BLAST+ (v2.6.0) based on minimum similar-
ity and minimum coverage (-perc_identity 70 and -qcov_hsp 80).
An initial test implementing BLAST+ to assign taxonomy only to the
COl data set using a 96% percent identity threshold led to the ex-
clusion of the majority of the clusters. Given observed interspecific
mitochondrial DNA divergence levels of up to 30% within a same
polychaete genus (Zanol et al., 2010) or among some closely related
deep-sea shrimp species (Shank et al., 1999), and considering our
interest in the identities of multiple, largely unknown taxa in poorly
characterized communities, more stringent BLAST thresholds were
not implemented at this stage. However, additional filters were per-
formed during downstream processing described below, and only
clusters with assignments reliable at phylum-level were retained
in the analysis. The Silval32 reference database was used for 16S
and 18S SSU rRNA marker genes (Quast et al., 2012), and MIDORI-
UNIQUE (Machida et al., 2017) was used for COIl. The databases
were downloaded from the DADA2 website (https://benjjneb.
github.io/dada2/training.html) and from the FROGS website (http://
genoweb.toulouse.inra.fr/frogs_databanks/assignation). Finally, to
evaluate the effect of swarm clustering, ASV tables were clustered
with swarm v2 (Mahé et al., 2015) in FROGS (http://frogs.toulouse.

MOLECULAR ECOLOGY 5
T —— V| LEY

inra.fr/) at d-values (i.e., nucleotide differences) ranging from 1 to 13
(d=1,3,4,5, 11 for 185/16S, and d = 1, 5, 6, 7, 13 for COl), based
on settings previously used in the literature (Andujar, Arribas, Gray,
et al., 2018; Atienza et al., 2020; Clare et al., 2016; Cordier et al.,
2019; Djurhuus et al., 2017; Laroche et al., 2018; Sawaya et al., 2019;
Turon et al., 2020; Wood et al., 2019). Resulting OTUs were chimera-
filtered and taxonomically assigned via RDP and BLAST+ with the
databases stated above, using standard FROGS procedures.

Molecular clusters were refined in Rv.3.5.1 (R Core Team, 2018).
A blank correction was made using the decontam package v.1.2.1
(Davis et al., 2018), removing all clusters that were prevalent (more
frequent) in negative control samples. ASV/OTU tables were refined
based on their BLAST or RDP taxonomy. For both assignment meth-
ods, clusters unassigned at phylum-level were removed. With BLAST,
assigned clusters represented 33% of COl data, 76% of 18S data, and
97% of 16S data. With RDP, assigned clusters represented 95%-99%
of data. Nontarget clusters (i.e., either nonmetazoan or nonbacterial)
were removed. Additionally, for metazoans, clusters with terrestrial
assignments (taxonomic groups known to be terrestrial-only, such
as Insecta, Arachnida, Diplopoda, Amphibia, terrestrial mammals,
Stylommatophora, Aves, Onychophora, Succineidae, Cyclophoridae,
Diplommatinidae, Megalomastomatidae, Pupinidae, Veronicellidae)
were removed. Samples were checked to ensure that a minimum of
10,000 reads were left after refining. Finally, as tag-switching is to
be expected in multiplexed metabarcoding analyses (Schnell et al.,
2015), an abundance renormalization was performed to remove
spurious positive results due to reads assigned to the wrong sample
(Wangensteen & Turon, 2016), the original R script being available at
https://github.com/metabarpark/R_scripts_metabarpark.

To test LULU curation (Frgslev et al., 2017), refined 18S and COI
ASVs/OTUs were curated with LULU v.0.1 following the online tuto-
rial (https://github.com/tobiasgf/lulu). The LULU algorithm detects
erroneous clusters by comparing their sequence similarity and co-
occurrence rate with more abundant (“parent”) clusters. LULU was
applied on the full data set (mock and environmental samples) with
a minimum relative co-occurrence of 0.95 (default), using a minimum
similarity threshold (minimum match) at 84% (default) and slightly
higher at 90%, following recommendations of the authors for less
variable loci than ITS. The design of the mock samples was not ideal
to test LULU, as some mock species were not occurring (or rarely
occurring) in environmental samples, but all species were always co-
occurring in the mock samples and this at consistent abundance ra-
tios. With the minimum ratio parameter at the default value of 1, this
led to the loss of closely related but true mock species for 18S, due
to random amplification biases leading to consistent read abundance
patterns. In order to remove only errors and avoid losing true mock
species, we thus tested minimum ratio at 100 and 1000, which al-
lows removing only clusters that are 100/1,000 times less abundant
than a potential parent OTU.

The vast majority of prokaryotes usually show low levels (< 1%)
of intragenomic variability for the 16S SSU rRNA gene (Acinas et al.,
2004; Pei et al., 2010). These low intragenomic divergence levels
can be efficiently removed with swarm clustering at low d-values.


https://benjjneb.github.io/dada2/bigdata_paired.html
https://benjjneb.github.io/dada2/bigdata_paired.html
https://benjjneb.github.io/dada2/training.html
https://benjjneb.github.io/dada2/training.html
http://genoweb.toulouse.inra.fr/frogs_databanks/assignation
http://genoweb.toulouse.inra.fr/frogs_databanks/assignation
http://frogs.toulouse.inra.fr/
http://frogs.toulouse.inra.fr/
https://github.com/metabarpark/R_scripts_metabarpark
https://github.com/tobiasgf/lulu
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Although LULU curation may still be useful to merge redundant phy-
lotypes in specific cases such as haplotype network analyses, this
was not tested in this study. Indeed, parallelization not being cur-
rently available for LULU curation, the richness of prokaryote com-
munities implied unrealistic calculation times, even on a powerful
cluster (e.g., LULU curation was at 20%-40% after four days of cal-
culation on our cluster).

In order to have reliable BLAST phylum assignments for pipeline
comparison, final data sets were taxonomically filtered by retaining
only clusters having a minimum hit identity of 86% for rRNA loci and
80% for COIl. These values were chosen as they represent approx-
imate minimum identities for reliable phylum assignment (Stefanni
etal., 2018).

2.4 | Statistical analyses

Data was analysed using R with the packages phyloseq v1.22.3
(McMurdie & Holmes, 2013) following guidelines on online tutorials
(http://joey711.github.io/phyloseq/tutorials-index.html), and vegan
v2.5.2 (Oksanen et al., 2018). The data sets were normalized by rar-
efaction to their common minimum sequencing depth (COI: 15,575;
188S: 33,916; 16S: 70,474), before analysis of mock communities and
environmental samples.

To evaluate the functionality of the bioinformatic tools with the
mock communities, taxonomically assigned metazoan clusters were
considered as derived from one of the 10 species used in the mock
communities when the assignment delivered the corresponding spe-
cies, genus, family, or class. Clusters not fitting the expected taxa
were labelled as “Others”. These nontarget clusters may originate
from contamination by external DNA or from DNA of associated
microfauna, or gut content in the case of whole polyps used for
cnidarians.

Alpha diversity detected using each pipeline in the environ-
mental samples was evaluated with the number of observed clus-
ters in the rarefied data sets via analyses of variance (ANOVA) on
generalized linear models based on quasipoisson distribution mod-
els. Homogeneity of multivariate dispersions were verified with
the betadisper function of the betapart package v.1.5.1 (Baselga
& Orme, 2012). The effect of site and LULU curation on commu-
nity composition was tested by PERMANOVA, using the function
adonis2 (vegan), with Jaccard incidence dissimilarities for metazoans
and Bray-Curtis dissimilarities for prokaryotes, and significance was
evaluated by permuting 999 times. Beta-diversity patterns were vi-
sualised via non-metric multidimensional scaling (NMDS) using the
same dissimilarities stated above.

Finally, BLAST and RDP taxonomic assignments were compared
at the most adequate pipeline settings for each locus. BLAST and
RDP data sets were compared on ASV-level for prokaryotes, and
OTU-level for metazoans (swarmd = 1, LULU with minimum match at
84% and minimum ratio at 1 for COIl, and 90% and 100, respectively
for 18S). As trials on MIDORI-UNIQUE resulted in very poor perfor-
mance of RDP for COI (assignments belonging mostly to Insecta),

the comparison was performed with MIDORI-UNIQUE subsampled
to marine taxa only. For the global data set, full ranges of BLAST
hit identities and phylum-level bootstraps were plotted and num-
bers of clusters left after phylum-level and genus-level quality fil-
tering were calculated, while for evaluation on the mock samples,
rarefied data was subsampled to reliable phylum-level assignments
(i.e., 2 80%/86% BLAST hit identity, > 80% phylum-level bootstraps).

3 | RESULTS

3.1 | Alphadiversity in mock communities

A total of 1.5 million (COI) and 2 million (18S) raw reads were ob-
tained from the two mock communities (Table S4). After refining
(decontamination, renormalisation, removal of nontarget taxa, and
clusters unassigned at phylum-level or with unreliable phylum-level
assignments), these numbers were decreased to 0.7 million for COI
and 1.3 million for 18S.

All 10 mock species were detected in the COI data set (Table 1),
even with minimum relative DNA abundance levels as low as 0.7%
(Mock 5). With 18S, seven species were recovered and the three
bivalve species remained unresolved. Taxonomic assignments were
correct at the genus-level for six species with COI and three spe-
cies for 18S, but all mock species produced ASVs/OTUs correctly
assigned up to family or class level. Dominant species generally pro-
duced more reads in both the clustered and nonclustered data sets,
with the notable exception of the gastropod Paralepetopsis sp, which
was poorly detected with 18S (Table S5).

When ASVs were clustered with swarm v2, this generally led to
a reduction in taxonomic recovery: the two bivalves P. kilmeri and
C. regab were taxonomically misidentified with COl at d > 1 and
Chorocaris sp. was not detected with 18S at d > 1. Clustering ASVs
with swarm v2 reduced the number of molecular clusters produced
per species, but some species still produced multiple OTUs even at
d values as high as d = 13 for COI (D. dianthus, A. muricola, Chorocaris
sp., and Paralepetopsis sp.) and d = 11 for 18S (A. arbuscula, A. muri-
cola, Munidopsis sp., and E. norvegica).

Curating ASVs/OTUs with LULU allowed reducing the number
of clusters produced per species for both loci, and optimal results
were obtained in data sets clustered at d > 1 for COl and d = 1
for 18S. The number of unexpected clusters (“Others”) was hardly
affected by LULU curation (Table 1). In the COI data set, curat-
ing with LULU at 84% or 90% minimum match resulted in similar
OTU numbers, although 84% performed slightly better in Mock 3
(Table 1). Increasing the minimum ratio parameter to 100 or 1,000
resulted in the retention of more error OTUs and thus higher OTU
numbers in each mock species (data not shown). For 18S, both
LULU minimum match and minimum ratio affected species recov-
ery. LULU curation with minimum ratio = 1 led to the loss of the
shrimp Chorocaris sp. at both minimum match levels and the gas-
tropod Paralepetopsis sp. at 84% minimum match (Table S6). With
minimum ratio at 100, Chorocaris sp. was retained in the data set
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TABLE 1 Number of ASVs/OTUs detected per species in the mock communities using different bioinformatic pipelines

col DADA2 + | @ LULU swarm swarm+LULU 90% swarm+LULU 84%
DNA in % 90% [ 84% | d1|d5]|d6|d7[d13]dl[d5[d6|d7|d13] dl [d5({d6|d7]|dl13
Acanella arbuscula 20
Hexacorallia; D.dianthus 3
(Alvinocaris ; A. muricola 3 _
Chorocaris sp. 3
2 Munidopsis _ sp. 3
g |Gastropoda; Paralepetopsis sp. 20 -
= |Bivalvia; C. regab® 3
Phreagena kilmeri® 3
Vesicomya gigas 3
Polychaeta; E.norvegica 40
Others 0
Acanella arbuscula 10
Hexacorallia; D.dianthus 0.7
[Alvinocaris ; A. muricola 0.7 - _
Chorocaris sp. 0.7
0 Munidopsis  sp. 0.7
g |Gastropoda; Paralepetopsis sp. 5 -
= Bivalvia; C. regab® 0.7
Phreagena kilmeri® 0.7
Vesicomya gigas 0.7
Polychaeta; E.norvegica 80
Others 0
18S 90% | 84% | d1|d3|d4|d5|dll|dl|d3|d4|d5|dll]|dl |[d3|d4|d5]|dll
Aleyonacea: A.arbuscula 20 [T =
Caryophylliidae; D.dianthus 3
Alvinocaris muricola 3
<2 Chorocaris sp. 3 D100 O D00 O D00 O
g |Munidopsis sp. 3 -
= Gastropoda; Paralepetopsis_sp. 20 9] 00|00 0O
Vesicomyidae; P. kilmeri/C. regab/V. gigas* 9
Polychaeta; E.norvegica 40
Others 0
Alcyonacea; 4.arbuscula 10 -
Caryophylliidae; D.dianthus 0.7
Alvinocaris muricola 0.7
g Chorocaris sp. 0.7 V(0 ]|0)| O 00|90 O 0|0 ]|0]| O
2 |Munidopsis sp. 0.7
= |Gastropoda; Paralepetopsis sp. 5 0 7] 0| o olololo] o
Vesicomyidae; P. kilmeri/C. regab/V. gigas* 2.1
Polychaeta; E.norvegica 80
Others 0 -

°Bivalvia was common rank for OTUs of P. kilmeri and C. regab for all pipelines with swarm clustering

*Bivalvia was common rank for all pipelines with d > 1

Not<del author="Miriam Isabelle Brandt" command="Delete" timestamp="1618840658010" title="Deleted by Miriam Isabelle Brandt on 19/04/2021,
15:57:38" class="reU3" id="edit36">e</del>: White cells indicate an exact match with the number of OTUs expected (i.e., one OTU for each mock
species), light grey cells indicate a number of OTUs differing by + 3 from the number expected, dark grey cells indicate a number of OTUs >3 times
the one expected, and black cells a number > 10 times the one expected. @ indicates absence of expected OTU. Taxonomy is given up to the lowest
common rank assigned to OTUs from mock species. "Others" represents unexpected OTUs, with assignments not related to any species in the mocks.
These may represent contamination or symbionts of the mock species. LULU was run at minimum ratio = 100 for 18S and minimum ratio = 1 for COI.

at both minimum match levels and Paralepetopsis sp. with minimum
match at 90% (Table 1). With minimum ratio at 1,000, both spe-
cies were retained at both minimum match levels but more OTUs
were retained for another species (Munidopsis sp., Table S6). As
LULU curation with higher minimum ratio levels resulted in more
accurate species compositions in the mock samples with 18S, we
only present LULU curation with minimum ratio = 100 for the en-
vironmental samples.

3.2 | Alpha-diversity patterns in
environmental samples

3.2.1 | High-throughput sequencing results

A total of 44 million (18S), 33 million (COI) and 16 million (16S) reads
were obtained from 42 sediment samples, four field controls, two ex-
traction blanks, and four (16S), eight (18S), and 10 (COI) PCR blanks
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FIGURE 1 Number of metazoan (COI, 18S) and prokaryote (16S) clusters detected in sediment of 14 deep-sea sites with ASV versus
OTU-centred data sets. ASVs were obtained with the DADA2 metabarcoding pipeline, and clustered with swarm at different d values.
Metazoan ASVs and OTUs were curated with LULU at 84% and 90% minimum match. LULU curation was performed with minimum ratio =
100 for 18S and minimum ratio = 1 for COI. Cluster abundances were obtained from data sets rarefied to same sequencing depth. Boxplots

represent medians with first and third quartiles. Red dots indicate means

(Table S4). The final data sets contained ~5 million (COI) to ~8 million
(18S) marine metazoan target reads and ~7 million prokaryotic 16S
reads (Table S4). COl reads produced 13,397 ASVs, 3,518-5,563 OTUs
after swarm clustering (d = 1-13), and 1,758-10,028 OTUs after LULU
curation (Table S7). Final 18S reads comprised 8,280 ASVs, 1,869-
6,015 OTUs after swarm clustering (d = 1-11), and 1,469-6,909 OTUs
after LULU curation. The prokaryote data set produced 53,815 target
ASVs and 12,800-38,972 OTUs after swarm clustering (d = 1-11).

3.2.2 | Number of clusters among pipelines

The number of metazoan clusters detected in the deep-sea sediment
samples varied significantly with bioinformatic pipeline and site
(Table 2). The pipeline effect was consistent across sites (Table 2),
although mean cluster numbers detected per sample spanned a wide
range in all loci (50-500 for 18S, 100-1,000 for COI, and 1,500-
4,000 for 16S, Figure 1).

As expected, clustering significantly reduced the number of de-
tected molecular clusters per sample for all loci. Consistent to results
observed in mock communities, clustering at d = 1-13 resulted in
comparable OTU numbers for COI, while significantly higher OTU
numbers were obtained at d = 1 than with d > 1 for ribosomal loci
(Figure 1, Table 2). DADA2 detected on average 555 (SE = 42) meta-
zoan COIl ASVs per sample, and clustering reduced this number to
around 250, regardless the d-value. For ribosomal loci, clustering at
d = 3-5reduced OTU numbers of around ~30% compared to without
clustering, while at d = 11, cluster numbers were more than halved.

LULU curation of ASVs or OTUs decreased the number of COI
and 18S clusters detected (Figure 1). This decrease was significant
for both ASVs and OTUs with COI, but less marked for 18S as LULU’s
minimum ratio was set to 100 (Table 2). For COI, where LULU cu-
ration was performed with minimum ratio = 1, the minimum match
parameter had a strong influence on alpha diversity. Indeed, LULU
curation of ASVs or OTUS with minimum match at 90% resulted in
significantly more clusters than at 84% (Table 2). In contrast, the
magnitude of the minimum match parameter did not significantly af-
fect the number of clusters for 18S, where LULU curation was per-
formed with minimum ratio = 100. LULU curation of ASVs resulted in
more OTUs than swarm clustering for both loci, with both minimum
match levels tested (Figure 1, Table 2). Similarly, LULU curation of
ASVs resulted in significantly more clusters than LULU curation of
OTUs produced with any d-value (Figure 1, Table 2).

Looking at mean ASV and OTU numbers detected per phylum
with each pipeline showed consistent effects of swarm clustering
and LULU curation, but highlighted strong differences in the amount
of intragenomic variation between taxonomic groups. For all loci

investigated, some taxa displayed high ASV to OTU ratios, while

others were hardly affected by clustering or LULU curation in terms

of numbers of clusters detected (Figure S1).

3.3 | Patterns of beta-diversity between pipelines
PERMANOVAs confirmed that sites differed significantly in terms
of community structure, accounting from 46% to 89% of variation in
data. Evaluating the effect of LULU curation for metazoans showed
that LULU-curated data resolved similar community compositions than
noncurated data, accounting for < 1% of variation in data (Figure 2).
Although ASV and OTU data sets detected similar amounts of
variation due to sitesin PERMANOVAs, clustering levels affected the
ecological patterns resolved by ordinations in rRNA loci (Figure 2).
Metazoan 185 ASVs showed strong segregation by ocean basin, with
samples grouped by depth within each basin, and prokaryote ASVs
showed both strong segregation by ocean basin and depth (Figure 2).
Clustering at d-values >1 decreased differences among deep sites (>
1,000 m) across ocean basins, emphasizing the depth effect over the
basin effect. This change in ecological pattern occurred consistently

with d-values from 3 to 11 (Figure 2, Figure S2).

3.4 | Taxonomic assignment quality

Assigning with BLAST resulted in mock community assignments
comparable to those described above. With COl, eight of the 10 spe-
cies produced one single OTU, with six correctly assigned at genus-
level, and two species were taxonomically correctly assigned only
to class-level and produced 2-3 OTUs (Figure S3). With 18S, seven
species were recovered (four correctly assigned at genus-level), with
two producing more than one OTU, and the three vesicomyid bivalve
species were taxonomically unresolved and assigned up to family-
level while generating 2 OTUs. Assigning the COI data set with RDP
using the MIDORI-UNIQUE database resulted in assignments of the
mock samples that did not match the expected taxa and were mostly
belonging to arthropods, a problem not observed with BLAST (data
not shown). When the database was reduced to marine-only taxa,
RDP results were comparable to BLAST, with seven species cor-
rectly assigned at genus-level. Assigning the 18S data set with RDP
produced results comparable to BLAST, although taxonomic assign-
ments were less accurate for two species.

BLAST and RDP assigned similar amounts of OTUs in the pro-
karyote data set, but BLAST assigned 20% (18S) and 70% (COI) less
OTUs at phylum-level than RDP in the metazoan data sets, even at
minimum hit identity of 70% (Table S8). BLAST hit identities of the
overall data sets varied strongly depending on phyla and marker gene
(Figure 3). For 18S, 90% of metazoan OTUs had assignment identities
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TABLE 2 Effect of pipeline and site on
the number of metazoan and prokaryote
clusters

LOCUS F-value p-value Significant pairwise comparisons
Col
Pipeline 135.2 <.001 Dada2 > DS***
Site 226.7 <.001 DS(d = 1) > DS(d = 13)**; DS > DSL84%***;
D(S)L90% > D(S)L84%***
Pipeline x Site 0.15 >.05 Dada2 > DL***; DL90% > DS(L)***; DL84% >
DS(d = 5-13)***; DL > DSL***
185 V1-v2
Pipeline 67.2 <.001 Dada2 > DS***
Site 263.1 <.001 DS(d = 1) > DS(d = 3-11)***; DS(d = 11) <
DS(d = 1-5)***
Pipeline x Site 0.3 >.05 Dada2 > DL84%*; DL > DS(d = 3-11)***; DL
> DSL***
16S V4-V5
Pipeline 188.7 <.001 Dada2 > DS***
Site 18.3 <.001 DS(d = 1) > DS(d = 3-11)***; DS(d = 3) >
DS(d = 5)***; DS(d = 11) < DS(d = 1-5)***
Pipeline x Site 0.06 >.05

Note: Results of the analysis of variance (ANOVA) of the rarefied cluster richness for the three
genes studied. Pairwise comparisons were performed with Tukey's HSD tests. DS: Dada2 + swarm;
DSL: Dada2 + swarm + LULU; d: swarm d-value. LULU curation was performed with minimum
match at 84% and 90%, and with minimum ratio = 100 for 18S and minimum ratio = 1 for COI.

Significance codes: ***p <.001; **p < .01; *p < .05.

> 86%, corresponding roughly to accurate phylum-level (Edgar, 2017;
Stefanni et al., 2018). Only 34% had reliable genus-level assignments,
for example with > 95% similarity (Table S8). For COl, only 30% of
metazoan assignments were reliable at phylum-level (> 80%), and
only 1% at genus-level (> 93%). BLAST hit identity was much higher
for prokaryotes, with 98% of ASVs assigned with > 86% similarity to
sequences in databases, and 65% had reliable genus-level assignments
(> 95% similarity). With RDP, 77% of metazoan 18S OTUs and 96% of
prokaryote 16S ASVs had phylum-level bootstraps > 80%, and 59%
and 76% also had genus-level bootstraps = 80%, respectively. For COl,
applying a minimum phylum-level bootstrap of 80% resulted in an un-
viable decrease in the number of target OTUs, as only 242 metazoan
OTUs (~1%) remained after filtering, and only 112 (0.3%) with accept-
able genus-level bootstraps (Table S8). Indeed, most OTUs, primarily
assigned to arthropods, cnidarians, molluscs, vertebrates, and porifer-

ans still had phylum-level bootstraps < 60% (Figure 3).

4 | DISCUSSION

4.1 | ASVsversus OTUs: A choice depending on
taxon of interest and research question

ASVs have recently been advocated to replace OTUs “as the stand-
ard unit of marker-gene analysis and reporting” (Callahan et al.,
2017): an advice for microbiologists that may not apply when study-
ing metazoans. Life histories of organisms, together with intrinsic
properties of marker genes, determine the level of intragenomic and
intraspecific diversity. Metazoans are well known to exhibit variable

and sometimes very high intraspecific polymorphism. This intraspe-
cific variation is a recognised problem in metabarcoding, known to
generate spurious clusters (Brown et al., 2015), especially in the COI
barcode marker. Indeed, this gene region has increased intragenomic
variation due to its high evolutionary rate (Machida & Knowlton,
2012; Machida et al., 2012), but also due to heteroplasmy and the
abundance of pseudogenes, such as NUMTs, playing an important
part of the supernumerary OTU richness in COIl-metabarcoding
(Bensasson et al., 2001; Song et al., 2008). Concerted evolution, a
common feature of SSU rRNA markers such as 16S (Hashimoto et al.,
2003; Klappenbach et al.,, 2001) and 18S (Carranza et al., 1996),
limits the amount of intragenomic polymorphism. In metazoans, a
lower level of diversity is thus expected for 18S than for COI. This
is reflected in the lower ASV (DADA2) to OTU (DADA2 + swarm)
ratios observed here for 18S (1.4-2.5) compared to COI (2.3-3.2),
at clustering d-values comprised between one and seven (Table S7),
underlining the different influence - and importance - of clustering
on these loci, and the need for a versatile, marker by marker choice
for clustering parameters.

The results on the mock samples showed that even single indi-
viduals produced very different numbers of ASVs, suggesting that
ASV-centred data sets do not accurately reflect species composi-
tion in metazoans. Intragenomic and intraspecific polymorphism
are highly variable across taxa (Plouviez et al., 2009; Teixeira et al.,
2013), as confirmed by the very variable decrease in cluster numbers
observed with clustering in this study for different phyla (Figure S1).
The taxonomic compositions of samples based on ASVs may thus
reflect genetic rather than species diversity. This distinction is im-
portant to keep in mind, as the species, that is “a lineage or group of



BRANDT €T AL. MOLECULAR ECOLOGY IRYVAREAW 1
RESOURCES
Dada2 Dada2 Dada2 Dada2
+swarm d=1 +swarm d=5/3 +swarm d=13/11
[ef0]|
i
-t | S R
I . :
P :
fov | A
v =t il ‘-rf" s Pipeline
‘ ot M T ) A - O = . 5 o @ no LULU curation
T 5, o X . =l A LULU 84%
‘- N AR o m LULU 90%
] e
Site R? 51%*** stress: 0.1 Site R? 54%*** stress: 0.1 Site R?56%***  stress: 0.11 Site R? 56%***  stress: 0.12 .
Pipeline R2 0.7% Pipeline R? 0.8% Pipeline R? 0.8% Pipeline R? 0.8% Site
198 - - . @PCT-FA
i in oo o & CHR
! =5 : o ®EsN
1 . ‘ B Yor @VDW-ST179
L A
< & N ot * @ MDW-ST201
1 . HENP . .+ " @MDw-sT215
“ 4, D MDW-ST22
‘e ‘ A 4 MDW-ST23
Site R? 44%**  stress: 0.12 Site R2 46%***  stress: 0.14 Site R? 48%*** stress: 0.15 Site R2 49%™*  stress: 0.15 ~ @MDW-ST38
Pipeline R? 0.04% Pipeline R? 0.05% Pipeline R? 0.04% Pipeline R? 0.04% MDW-ST68
16S . ] . — @MDW-ST117
: s . , @®VRM-ST35
N N - @ VRM-ST38
: o . . @ MRM-ST48
. ; .‘
N . s I T "L, 5.

Site R? 88%*** stress: 0.08 Sjte R2 89%***

stress:0.1 Sjte R289%***  stress:0.12 gjte R2 87%*** stress: 0.15

FIGURE 2 Metazoan (COI, 18S) and prokaryote (16S) beta-diversity patterns in ASV and OTU-centred data sets. Nonmetric
multidimensional scaling (NMDS) ordinations showing community differentiation observed between sites with different clustering scenarios.
ASVs were obtained with the DADA2 metabarcoding pipeline, and clustered with swarm atd = 1, 5, and 13 (COl) and d = 1, 3, 11 (18S, 16S).
Metazoan ASVs and OTUs were curated with LULU at 84% and 90% minimum match. LULU curation was performed with minimum ratio =
100 for 185 and minimum ratio = 1 for COI. R? values and associated p-values obtained in PERMANOVAs are shown under the ordination
plots. Significance codes: ***p < .001; **p < .01; *p < .05. Site colour codes: Green: Mediterranean >1,000 m; Red: Mediterranean Gibraltar
Strait 300-1,000 m; Yellow: Atlantic Gibraltar Strait 300-1,000 m; Blue: North Atlantic > 1,000 m; Purple: Arctic >1,000 m

connected lineages with a distinct role” (Freudenstein et al., 2017),
constitutes the core of biodiversity inventories for biological and
ecological studies. The species is a core concept in ecology and
evolution that helps organizing agriculture, trade, and industry (e.g.,
species used for the production of biomaterial), as well as measuring
the impact of human activity on Earth’s ecosystems (e.g., biomarker
taxa and pathogenic or invasive species). While biotic diversity can
be valued and assessed at various levels, including that of the indi-
vidual organism and the genetic locus, many theoretical and applied
developments in ecology are deeply rooted in the species concept,
and species richness, while not perfect, remains an essential metric
(Freudenstein et al., 2017).

Clustering ASVs into OTUs alleviated the numerical inflation in
the mock samples, but some species still produced more than one
OTU, even at d-values as high as d = 11-13. While clustering im-
proved numerical results in the mock communities, it led to poorer

taxonomic assignments, for example the vesicomyid bivalves only
being identified up to class-level in clustered data sets with both loci.
With 18S, clustering at d-values > 1 even led to the loss of the shrimp
species Chorocaris sp., which was merged to the closely related A.
muricola (Table 1). Similarly, a d-value at 11 led to significantly lower
OTU numbers than any other tested d-value for both ribosomal loci
(Table 2), explaining the much higher ASV to OTU ratios observed
(4.1-4.4, Table S7). When studying natural habitats, very likely to
harbour closely related co-occurring species, clustering at d-values
higher than 1 is thus likely to lead to the loss of true species diversity,
particularly in taxa known to be poorly resolved (e.g., cnidarians with
COl, Hebert et al., 2003), and in general with markers having lower
taxonomic resolution such as 18S.

The reproductive mode and pace of selection in microbial pop-
ulations may lead to locally lower levels of intraspecific variation
than those expected for metazoans. Prokaryotic alpha diversity was
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however also affected by the clustering of ASVs (Figure 1), support-
ing the estimation of a 2.5-fold greater number of 16S rRNA variants
than the actual number of bacterial “species” (Acinas et al., 2004).
The significant decrease in the number of OTUs after clustering at
d =1 (Table 2, Figure 1, decrease of ~30%) suggests the occurrence
of very closely related 16S rRNA sequences, possibly belonging to
the same ecotype/species. Such entities may still be important to
define in studies aiming for example at identifying species associa-
tions (i.e., symbiotic relationships) across large distances and ecosys-
tems, where drift or selection can lead to slightly different ASVs in
space and time, with their function and association remaining stable.

Finally, apart from alpha diversity estimates, clustering also af-
fected the resolution of ecological patterns in ribosomal loci when
d-values were higher than 1 (Figure 2). This can be explained by the
fact that clustering gives more weight to large distinct OTUs com-
pared to many small (i.e., with low read numbers) ASVs. The deep
Atlantic and Mediterranean sites, segregating at the ASV-level (pos-
sibly due to vicariance by distance), thus appeared more similar at
high d-values, revealing the occurrence of distinct ASVs belonging
to many shared OTUs and thus suggesting an ecological signal in fi-
nescale sequence variants. This is in accordance with other studies
reporting differences in beta diversity patterns in ASV versus OTU
data sets for ribosomal loci, when large divergence thresholds were
used for clustering (Bokulich et al., 2013; Xiong & Zhan, 2018). This
also reveals the interdependence of alpha and beta diversity compo-
nents, so that clustering ASVs into OTUs and thereby reducing alpha
diversity, leaves more space for beta diversity to be expressed, as
observed in both population genetics (Beaumont & Nichols, 1996;
Jost, 2008) and community analysis (Jost, 2007). Overall, these re-
sults confirm the advantage of combining error-correction tools with
clustering and post-clustering curation tools, as this allows access to

both interspecies and intraspecies information (Turon et al., 2020).

4.2 | Importance of parameter adjustment for
LULU curation

LULU curation proved effective in limiting the number of multiple
clusters produced by single individuals in the mock samples, con-
firming its efficiency to correct for intragenomic diversity (Table 1).
Moreover, the fact that the number of unexpected clusters (“Others”,
Table 1) was not affected by LULU curation also shows that LULU
specifically removes spurious OTUs and not true species diversity.
However, careful adjustment of LULU parameters was needed, par-
ticularly for the minimum ratio, as at default level (1) it led to the loss
of up to two mock species with 18S. This need for relaxed minimum
ratio values can be explained by the nonideal design of the mock
samples. Indeed, LULU should be applied on data sets containing as
many samples as possible, which should have compositional similari-
ties (i.e., overlapping species lists). If this is not the case, LULU will
work as a pure clustering algorithm, at defined minimum match lev-
els. Here, all species were co-occurring in the mock samples at con-
sistent abundance ratios and some mock species were not occurring
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(or rarely) in environmental samples. For those, random amplifica-
tion biases leading to consistently low read numbers in both mock
samples resulted in LULU merging them to closely related mock
species. Increasing the minimum ratio, i.e., the expected minimal
abundance ratio between a true OTU and an associated spurious se-
quence, allowed detecting all mock species with 18S. With minimum
ratio at 100, one mock species (the gastropod Paralepetopsis sp.) was
still lost when minimum match was at 84%, which could indicate that
minimum match at 90% is more appropriate for 18S. However, as
all mock species were retained at both minimum match levels with
minimum ratio at 1,000, the loss of that species at 84% may also
just reflect the nonideal mock design (Paralepetopsis sp. being very
poorly amplified by 18S, it got merged to a bivalve OTU as their
similarity was greater than 84%). Given the fact that 18S is evolving
much slower than COI, this marker is taxonomically much less reso-
lutive and phylum-level similarity is at ~86% (Stefanni et al., 2018).
As error OTUs are produced within each individual, it is reasonable
to think that their similarity to their parent OTUs will be greater than
phylum-level similarity, justifying the use of 90% minimum match.
This increased minimum match also has the added benefit to de-
crease calculation time on large data sets. For COI, although results
in the mock samples showed the best performance at minimum ratio
of 1 and little effect of the minimum match parameter (90% vs. 84%),
both minimum match levels resulted in significantly different OTU
numbers in the environmental samples (Table 2, Figure 1). This was
not the case for 18S, where both 84% and 90% minimum match
resulted in similar numbers of OTUs in the environmental samples
(minimum ratio at 100). Thus, increasing the minimum ratio param-
eter is essential for not losing species in sample-poor data sets, and
will be more correct than adjusting the minimum match.

The mock communities used in this study, apart from being tax-
onomically limited to just 10 species, did unfortunately not contain
several haplotypes of the same species (intraspecific variation). This
could explain the comparable results obtained with LULU curation of
ASVs and LULU curation of OTUs in the mock samples, and lead to
the hasty conclusion of a limited effect of clustering. Communities
detected in environmental samples are much more complex, prob-
ably comprising many different haplotypes of the same species.
However, LULU curation of ASVs cannot substitute clustering al-
gorithms to account for natural haplotype diversity. Indeed, not all
haplotypes co-occur and when they do so, they may vary in propor-
tion and dominance relationships, making clustering the best tool to
account for natural haplotypic diversity. This is in line with LULU de-
velopers (Frgslev et al., 2017), who recommend clustering ASVs for
addressing the average intraspecific variation of the target group,
and subsequent curation with LULU. In the environmental samples,
LULU curation of the ASV data sets led to significantly more OTUs
than swarm clustering at intermediate to high d-values and than
LULU curation of swarm-clustered OTUs, with both metazoan loci
(Table 2). This indicates that LULU curation merges less ASVs than
the amount grouped through clustering, and highlights the different
purposes of both tools, LULU effectively removing spurious OTUs,
while clustering allows removing haplotype diversity.
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4.3 | Taxonomic resolution and assignment quality
The COl locus allowed the detection of all 10 species present in the
mock samples, compared to seven in the 18S data set (Table 1). It
also provided much more accurate assignments, most of them cor-
rect at the genus (and species) level, confirming that COIl uncovers
more metazoan species and offers a better taxonomic resolution
than 18S (Anddjar et al., 2018; Clarke et al., 2017; Tang et al., 2012).
Our results also support approaches combining nuclear and mito-
chondrial markers to achieve more comprehensive biodiversity
inventories (Cowart et al., 2015; Drummond et al.,, 2015; Zhan
et al.,, 2014). Indeed, strong differences exist in amplification suc-
cess among taxa (Bhadury et al., 2006; Carugati et al., 2015), exem-
plified by nematodes, which are well detected with 18S but not with
COlI (Bucklin et al., 2011). The 18S barcode marker performed better
in the detection of nematodes, annelids, platyhelminths, and xena-
coelomorphs while COl mostly detected cnidarians, molluscs, and
poriferans (Figure 3, Figure S1), highlighting the complementarity of
these two loci. This high complementarity of COl and 18S in terms
of targeted taxa also supports the approach taken by Stefanni et al.
(2018), indeed subsampling each gene data set for its “best targeted
phyla” and subsequently combining both, seems to be a very effi-
cient way to produce comprehensive and nonredundant biodiversity
inventories.

Finally, similar taxonomic assignments were observed using
BLAST or the RDP Bayesian Classifier in the mock samples for 18S
and for COIl when using the MIDORI-UNIQUE marine-only database
(Figure S3), in line with the comparable performances of taxonomy
prediction algorithms reported by Edgar (2018). Poor performance
of RDP using the full COl MIDORI database is likely due to the size
of the database, and to its low coverage of deep-sea species. Indeed,
smaller databases with reduced sampling bias, taxonomically simi-
lar to the targeted communities, and with sequences of the same
length as the DNA fragment of interest, are known to maximise ac-
curate identification (Edgar 2018; Macheriotou et al., 2019; Ritari
et al., 2015). The problem of underrepresentation of deep-sea taxa
is especially apparent with the BLAST assignments, which generally
displayed low identities to sequences in databases, especially for
COl (Figure 3). Minimum similarities of 80% for COl and 86% for 18S
as cutoff values for metazoans have been used to improve the taxo-
nomic quality of metazoan metabarcoding data sets (Stefanni et al.,
2018). However, phylogenies of marine invertebrates are character-
ised by high levels of species divergence (up to ~30%), even within
genera (Zanol et al., 2010). Studies on deep-sea taxa have found that
some invertebrate species had COI sequences diverging more than
20% from any other species present in molecular databases (Herrera
et al., 2015; Shank et al., 1999). At present, it thus seems difficult to
work at low taxonomic levels with deep-sea metazoan metabarcod-
ing data when using large public databases (as revealed by the strong
decreases in OTU numbers observed after genus-level quality fil-
tering, Table S8). With the reduced marine-only COI database, RDP
provided slightly more accurate assignments in the mock samples
(Figure S3). However, filtering to accurate phylum-level bootstraps

(2 80) drastically reduced the number of OTUs in the overall data
set (1% of OTUs left, Table S8). The development of custom-built
RDP training sets, without overrepresentation of terrestrial species,
is therefore needed for this Bayesian assignment method to be ef-
fective on deep-sea metazoan data sets. At present, if more accurate
taxonomic assignments are sought while using universal primers, we
advocate assigning taxonomy in two steps: first, using BLAST and a
large database including all phyla amplifiable by the primer set, as
BLAST performs better than RDP in terms of speed. The clusters
belonging to the groups of interest can then be extracted and reas-
signed using RDP and a smaller, taxon-specific database.

5 | CONCLUSIONS AND PERSPECTIVES

Using mock communities and environmental samples, we evalu-
ate several recent algorithms and assess their capacity to improve
the quality of molecular biodiversity inventories of metazoans and
prokaryotes. Our results support the fact that ASV data should be
produced and communicated for reusability and reproducibility fol-
lowing the recommendations of Callahan et al. (2017). This is espe-
cially useful in large projects spanning wide geographic zones and
time scales, as different ASV data sets can easily be merged a pos-
teriori, and clustered if necessary afterwards. However, our results
confirm that both ASVs and OTUs describe relevant, yet different
levels of biotic diversity. ASVs comprehensively describe genetic di-
versity (including intraspecies) while OTUs more accurately reflect
interspecies diversity. Considering 16S polymorphism observed in
prokaryotic species (Acinas et al., 2004) and the possible geographic
segregation of their populations, using OTUs may also be suitable
in prokaryotic data sets, for example in studies screening for spe-
cies associations, as symbionts may be prone to differential fixation
through enhanced drift (Shapiro et al., 2016).

This study emphasized that swarm clustering needs to be
adapted to each genetic marker and taxonomic compartment, in
order to identify an optimal balance between the correction for
spurious clusters and the loss of species. Specifically, d-values > 1
appeared to be less appropriate with 18S for metazoans. Our results
also demonstrated that LULU effectively curates metazoan biodi-
versity inventories obtained through metabarcoding. They underline
the need to adapt parameters for LULU curation, in particular the
minimum ratio level in the case of sample-poor data sets, where co-
occurrence and abundance patterns may be distorted.

Finally, this study also showed that accurate taxonomic assign-
ments of deep-sea species can be obtained with the RDP Bayesian
Classifier, but only with reduced databases containing ecosystem-
specific sequences.
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Résumeé de l'article en francais

De récentes études ont souligné la grande diversité et le réle écologique essentiel des
Archées dans les sédiments marins profonds. A l'interface entre les écosystémes pélagiques
et les communautés de subsurface, les Archées des couches benthiques sont
particulierement intéressantes, mais encore peu explorées dans les zones abyssales et
hadales. Dans cette étude nous avons utilisé 46 échantillons de sédiments de surface (0-30
cm) issus de deux fosses hadales pour comparer quatre méthodes a haut débit de
caractérisation de la diversité archées. Deux de ces approches sont basées sur le
séquencgage d’amplicons de la région V4V5 du géne ARNr 16S, et utilisent dans un cas un
couple d’amorces universelles (ciblant les Bactéries et les Archées) et dans I'autre un mélange
d’amorces spécifiques des Archées. Les deux autres approches sont basées sur des données
métagénomiques, évitant ainsi les biais de la PCR ciblée : d’'une part I'extraction de fragments
de la petite sous-unité de 'ARNr (appelés miTAGs) a partir de données non assemblées, et
d’autre part la détection aprés assemblage de genes centraux a copie unigue (SCG). Les
résultats montrent que les amorces universelles et les miTAGs produisent des profils de
diversité archéale similaires. lls soulignent également de fagon frappante le manque de
détection des Nanoarchaeota par les amorces spécifiques des Archées. Les deux jeux de
données de métabarcoding montrent des signes de biais de PCR envers certains groupes
plus rares tels que les Halobacterota et les Thermoprotei. Les profils de SCG ne produisent
pas d’estimations fiables de la diversité des Archées benthiques, ce qui est potentiellement
dd aux complexités d’assemblage des génes de protéines ribosomales, génes centraux
considérés ici, pour des populations a I'abondance faible. Enfin, la diversité des estimations
de la proportion d’Archées présentes dans les échantillons considérés a mis en valeur
'impossibilité de tirer des conclusions a partir des résultats obtenus pour chaque méthode.
Cependant, la similarité des variations entre échantillons d’'un méme jeu de données pour les

amplicons universels et les miTAGs semble suggérer une certaine fiabilité et reproductibilité
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de cette information au sein d'un méme jeu de données. Nous concluons de cette étude que
les amplicons générés a I'aide des amorces universelles et les miTAGs sont de bons proxies
pour I'étude de la diversité globale des Archées dans les sédiments de surface des grands
fonds, une observation intéressante a répéter pour d’autres environnements et lignées

d’Archées afin de tester la validité plus générale de ces résultats.
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Abstract

Recent studies have highlighted the wide diversity and important ecological role of Archaea in
deep sea sediments. At the interface between pelagic ecosystems and subseafloor
communities, Archaea of the benthic layers are of particular interest, though as yet
underexplored at abyssal and hadal depths. Here we used 46 surface sediment samples (0 -
30 cm) from two hadal trenches to compare four high throughput characterization methods.
Two of these approaches relied on 16S rRNA V4V5 amplicon sequencing, comparing
universal (targeting both Bacteria and Archaea) versus archaea-specific primers. The other
two approaches were based on metagenomic data, and thus not subject to targeted-PCR bias:
extraction of small subunit rRNA fragments (miTAGs) from unassembled data on the one
hand, and single copy core genes (SCG) detection after assembly on the other hand. We
found that universal primers and miTAGs provided similar profiles of archaeal diversity. More
importantly, those results highlighted the lack of detection of Nanoarchaeota by the archaea-
specific primers. Both metabarcoding datasets showed signs of PCR bias against specific
groups among the rarer ones such as Halobacterota and Thermoprotei. SCG profiles did not
give reliable estimates of the benthic archaeal diversity, probably due to complexities in the
assembly of ribosomal protein genes, that were the core genes considered here, from low
abundance populations. Finally, comparison of the estimated relative abundance of Archaea
in these samples highlighted the impossibility to draw absolute conclusions from any of the
four sets of results obtained. However, the similarity of the trends observed for the proportion
of Archaea in the universal and miTAG datasets seemed to indicate a reliability and
reproducibility of the information between samples of the same dataset. Overall, we found that
universal primers and miTAGs were good proxies to investigate the general diversity of
Archaea in deep sea surface sediment, an interesting observation to be repeated with other

environments and lineages to test for the generic nature of this pattern.
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Introduction

In the last decade, research efforts have widely expanded our knowledge of Archaea: first
characterized as mostly extremophilic organisms shared between two phyla, Crenarchaeota
and Euryarchaeota, they were later shown to be ubiquitous, fulfilling important ecosystemic
services, and with a much wider phylogenetic diversity (reviewed in Spang et al., 2017; Baker
et al., 2020). Archaea have also played a central role in evolutionary studies since the 1970s,
with Carl Woese’s work leading to the definition of the three domains of life (Woese and Fox,
1977; Woese et al., 1990). More recently, assembly of Asgard Archaea genomic sequences
has led to suggest changes to the topology of the tree of life, and raised new hypotheses as
to the last common ancestor between the different domains (Hug et al., 2016a; Zaremba-
Niedzwiedzka et al., 2017; Castelle and Banfield, 2018; Spang, 2019).

Archaeal populations have been reported in pelagic ecosystems for decades (DeLong, 1992;
Fuhrman et al., 1992), and deep-sea environments in particular have been instrumental in the
continued description of the diversity of archaeal lineages (Fuhrman and Davis, 1997; Takai
and Horikoshi, 1999; Vetriani et al., 1999; Huber et al., 2002b; Wang et al., 2005; Reysenbach
et al., 2006; Jagrgensen et al., 2013). Deep-sea benthic boundary layer archaeal populations
are of particular interest, because they are located at the interface between the pelagic realm
and subseafloor communities, where Archaea play a crucial role in biogeochemical cycles
(Biddle et al., 2006; Sgrensen and Teske, 2006; Vuillemin et al., 2019). Indeed, according to
recent studies (Petro et al., 2017; Starnawski et al., 2017; Kirkpatrick et al., 2019; Petro et al.,
2019), surface sediment populations are the first step in the assembly of subsurface
communities, and are important contributors to early diagenesis (Durbin and Teske, 2011,
Teske et al., 2011; Molari et al., 2013). Yet, the archaeal diversity found in abyssal and hadal
benthic sediments (> 4000 meters below sea level (mbsl)) is still sparsely described.
Cultivation efforts are bringing necessary insights into the populations harbored by these
environments (Imachi et al., 2020). However, deep-sea archaeal isolates are more often

recovered from hot environments (Huber et al., 2002a; Zeng et al., 2009; Francois et al., 2021),
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and overall, due to the extreme set of conditions these environments exhibit, cultivation
remains challenging (Sun et al., 2019; Hu et al., 2021). In this context, high throughput
methods based on new generation sequencing, such as metabarcoding and metagenomics,
became invaluable tools in the study of microbial diversity during the last decades, and
technical advances in sequencing and computational approaches were reflected in the
exploration of archaeal diversity (for example Dombrowski et al., 2020; Farag et al., 2020;
Kerou et al., 2021).

Metabarcoding of the 16S rRNA gene has been applied to large-scale ecosystemic studies in
the marine realm such as the TARA Oceans expedition (Bork et al., 2015) and Deep Carbon
Observatory/Census of Deep Life (Schiffries et al., 2019), based mostly on two primer sets
targeting the V4V5 region of the 16S rRNA gene. The first one (Parada et al., 2015) is
designed to capture both bacterial and archaeal diversity in marine environments, while the
second primer set, first proposed by Topcguogdlu et al. (2016), selectively amplifies archaea,
and has been employed in several marine subsurface studies (Trembath-Reichert et al., 2019;
Hoshino et al., 2020; Teske et al., 2021). A number of studies have highlighted the critical
importance of primer design and the impact that even a single base pair mismatch has on the
reliability of metabarcoding results (Bru et al., 2008; Parada et al., 2015). In particular, the
consequent gaps in representative sequences used for primer design for Archaea, whose
diversity is still being uncovered, may lead to significant blindspots in amplification (Eloe-
Fadrosh et al., 2016; Bahram et al., 2019). Besides introducing possible bias in the detection
of some lineages depending on primer adequacy, the PCR required for metabarcoding may
distort the relative abundance of lineages in the molecular results compared to the
environmental communities (Suzuki and Giovannoni, 1996; Polz and Cavanaugh, 1998;
Kebschull and Zador, 2015; O’'Donnell et al., 2016).

Thus, approaches based on whole genome sequencing (metagenomics) have been put
forward as an alternative to metabarcoding because of their reduced PCR bias (Logares et
al., 2014), at the cost of more complex bioinformatic processes to reconstruct marker genes

or genomes. The inventory of the diversity of archaeal lineages in a given environment can be
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achieved through the extraction of small subunit (SSU) rRNA sequences, also called miTAGs,
from the unassembled metagenomes (Kopylova et al., 2012; Gruber-Vodicka et al., 2020), or
through the detection of single copy core genes (SCG) after assembly of the raw reads
(Darling et al., 2014; Parks et al., 2015).

To contribute to the direction of future efforts to describe deep sea benthic archaeal
communities, we compared the results obtained with i) the two primer sets targeting 16S rRNA
V4V5 region, ii) miTAGs and iii) SCG profiles on 46 surface sediment samples (top 30 cm)
from 6 stations in two south Pacific hadal trenches and adjacent abyssal plains. We
hypothesized that both metagenomic methods would perform best, by being less subjected to
PCR bias, and that the archaeal primers would be more appropriate for the high resolution
characterization of deep sea archaeal sedimentary communities. We present here the results
of our assessment of the relative advantages and weaknesses of each method in terms of
inventory of the overall benthic archaeal diversity, detection of specific lineages, and of

potential application to beta-diversity studies.

110



CHAPTER 1

Material & Methods

1. Environmental samples collection

The samples in this study were collected during two cruises in November 2017 and March
2018 as part of the HADES-ERC project. During the first cruise targeting the Kermadec trench,
north of New Zealand, two sites were sampled: one in the trench (9555 meters below sea-
level (mbsl)) using a multicorer, and the other on the adjacent subducting plate (6080 mbsl)
using a boxcorer. The second set of samples originated from the Atacama trench, off the coast
of Chile, with two trench sites (7770 and 7915 mbsl) and two sites located on the adjacent
abyssal plain (5500 mbsl) or continental margin (4050 mbsl). All samples from the Atacama
trench were collected using a multicorer. Triplicate cores were recovered for one Atacama
trench site and the adjacent abyssal plain site to assess fine-scale variations in diversity.

The recovered sediment cores were sliced immediately after getting onboard in a 3°C cold
room using equipment previously bleached and rinsed with ethanol and nanopure water. Each
core was sliced into depth layers following a standard scheme (0-1 cm, 1-3 cm, 3-5 cm, 5-10
cm, 10-15 cm, and 15-30 cm), with always at least 1 cm left on the extruder to avoid
contamination. Slicing was performed using spatulas also bleached and rinsed with nanopure
water before each use. Samples were then transferred into zip-lock bags, homogenized, and
frozen at —80°C on board before being shipped on dry ice to the laboratory where they were
also kept at -80°C. Empty bags were also conditioned on board to be later used as sampling

controls.
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2. DNA extraction

DNA extractions were performed in a sterile shore lab, using approximately 10 g of sediment
with the PowerMax Soil DNA Isolation Kit according to the manufacturer’s instructions (MO
BIO Laboratories, Inc.; Qiagen, Hilden, Germany) with modifications: the elution buffer was
left on the spin filter membrane for 10 min at room temperature before centrifugation in order
to increase DNA yield. Extraction controls were added by using an empty tube from the kit for
each series of extraction or extraction kit batch. In total 7 extraction negative controls were
produced. In addition, field controls were prepared onboard with the first solution of the kit
poured into the control ziplock bag before following the usual extraction steps. Each of the

resulting 5-mL DNA solutions were stored at -80°C.

3. Libraries construction and sequencing

3.1. Metabarcoding

Two primer sets targeting the V4V5 region of the 16S rRNA gene were used to generate
amplicon datasets: a universal primer pair (515F-926R) (Parada et al., 2015) and an archaea-
specific primer mix (517F-958R) (Topguoglu et al., 2016) (Table 1). PCR amplifications were
carried out at Génoscope (Evry, France) as part of the eDNAbyss project (see Chapter 1
Supplementary Material for amplification details). Three amplicon libraries were prepared for
each sample by non-directional ligation of lllumina adapters on 100 ng of amplicons following
the Kapa Hifi HotStart NGS library Amplification kit (Kapa Biosystems, Wilmington, MA, USA).
After quantification and quality control, replicate libraries of each sample were pooled, library
concentrations were normalized to 10 nM, and 8-9 pM of each library containing a 20% PhiX
spike-in were sequenced on a HiSeq2500 (System User Guide Part # 15035786) instruments

in a 250 bp paired-end mode.
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Table 1: Primer sequences

Universal primer set | (515F-Y)5'- (926R) 5'-

(Parada et al., 2015) GTGYCAGCMGCCGCGGTAA CCGYCAATTYMTTTRAGTTT
Archaea-specific primer | (517F) 5-GCCTAAAGCATCCGTAGC (958R) 5'’-

set (Topguoglu et al.,

2016) CCGGCGTTGANTCCAATT

(517F) 5-GCCTAAARCGTYCGTAGC

(517F) 5-GTCTAAAGGGTCYGTAGC

(517F) 5-GCTTAAAGNGTYCGTAGC

(517F) 5-GTCTAAARCGYYCGTAGC

3.2. Metagenomics

Metagenomic libraries were prepared from 10 ng or less of the same DNA extracts as before with
the NEBNext Ultra Il DNA Library prep kit (New England Biolabs, MA, USA). After quantification
and quality control, library concentrations were normalized to 10 nM and applied to cluster
generation according to the Illumina Cbot User Guide (Part #15006165). Sequencing of libraries
was performed according to the Novaseq 6000 System User Guide Part #20023471 (lllumina,
San Diego, CA, USA) in paired-end mode (2x150 bp). See Supplementary Material for the details

of library preparation and sequencing carried out at Génoscope (Evry, France).

4. In silico primer specificity evaluation with TestPrime

To evaluate the a priori performance of the primer sets considered, we used TestPrime 1.0

(Klindworth et al., 2013) via the arb server (https://www.arb-silva.de/search/testprime) and ran

in silico PCRs on the SILVA non redundant SSU database version 138, allowing no
mismatches. We ran the in silico PCR six times, once for each possible primer pair, since the
universal primer set is a simple pair while the archaea-specific primer set is composed of a

mix of five forward primer variants and one reverse primer. TestPrime provided estimates of
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the coverage of primers for all available taxonomic groups present in the database. We

focused on the results at domain level and archaeal phylum level.

5. Amplicon datasets bioinformatic analysis

Bioinformatic analyses of the metabarcoding datasets were performed using a standardized

pipeline (Brandt et al., 2021), available on Gitlab (https://qgitlab.ifremer.fr/abyss-project/abyss-

pipeline), on a home-based cluster (DATARMOR, Ifremer).

Due to non-directional adapter ligation, inserts were sequenced in different orientations. After
demultiplexing and renaming steps, we used Cutadapt v1.9 (Martin, 2011) to identify the
primer sequence in each read and sort them according to two criteria: forward or reverse
primer and forward or reverse sequencing. Data for each sample was thus split into 4
sequence files (R1F, R1R, R2F, R2R). Cutadapt then removed the identified primer
sequences and BBMAP repair (Bushnell, 2014) was used to ensure that reads were still paired
by sorting reads using the information present in their description line and removing
unmatched reads.

For each sequencing run, we determined Amplicon Sequence Variants, merged read pairs
and removed chimeras using the DADA2 package v.1.10 (Callahan et al., 2016), following
guidelines from the online tutorial for paired-end HiSeq data

(https://benjjneb.github.io/dada2/bigdata.html). The script implementing DADA2 was applied

separately to the two pairs of sequence files R1F/R2R and R2F/R1R. The parameters used
for filtering and trimming reads were as follows: truncation length of 220 base pairs, maxN= 0,
maxEE= 2 and truncQ= 11. The error learning step was based on nbases= 1e8. Merged
sequences were size-filtered by keeping sequences with a length between 350 and 390 bps.
The Amplicon Sequence Variants (ASVs) tables produced by DADA2 for each run were then
merged, collapsing ASVs based on DNA sequence identity. Taxonomic assignment was

performed with the implementation of the RDP naive Bayesian classifier (Wang et al., 2007)

114


https://gitlab.ifremer.fr/abyss-project/abyss-pipeline
https://gitlab.ifremer.fr/abyss-project/abyss-pipeline
https://benjjneb.github.io/dada2/bigdata.html

CHAPTER 1

available in DADAZ2 v.1.10, using the SILVA v138 reference database (Quast et al., 2013) and

a bootstrap threshold of 80.

The ASV and taxonomy tables produced by this pipeline were then combined in a phyloseq
object (phyloseq v1.28.0, McMurdie and Holmes, 2013) in an R v3.6.1 environment. Reads
from the same amplicon library, but originating from different lllumina runs, were merged under
the same sample name before removing sequences from unwanted taxa (Eukaryota,
Chloroplast and Mitochondria affiliated sequences). The dataset was decontaminated using
extraction, PCR and field controls with the decontam package (v1.4.0, Davis et al., 2018), or
handpicking in the case of the ASV dominating bacterial control libraries reads (see
reproducible workflow on github). Samples totaling less than 80,000 reads after
decontamination were removed, the appropriate metadata added, and the final object saved

as a phyloseq object for further analysis in R.

6. Metagenomic reads analysis

6.1. Ribosomal SSU sequences (miTags)

The quality filtration of the demultiplexed metagenomic raw reads was carried out with lllumina-

Utils python scripts (Eren et al., 2013b) following recommendations by Minoche et al. (2011). We

then used Phyloflash v3.3b3 (Gruber-Vodicka et al., 2020) to identify SSU (short subunit) rRNA

fragments using SILVA v138 database as reference, with default parameters and a clustering id

of 100%. Shortly, Phyloflash maps reads to a reference database (here SILVA v138) using

BBMap (Bushnell, 2014) and extracts sequences based on a minimum identity threshold, 70%

by default. It can also implement different assemblers to try and reconstruct 16S sequences, but

in our case such reconstruction was unsuccessful for the archaeal part of the community.
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In addition to the taxonomic assignment inherited from Phyloflash’s algorithm, we also assigned
taxonomy to the SSU rRNA fragments (or miTAGS) using the NBC (Naive Bayesian Classifier)
implemented in DADA2 (Callahan et al., 2016). To do this, we filtered out miTAG sequences
shorter than 50 bp, dereplicated them and then used the NBC with SILVA v138.1. We then
removed the sequences affiliated with Eukaryota, Mitochondria or Chloroplasts from both

resulting miTAG tables, before saving them as phyloseq objects for further analysis.

6.2. Single copy core genes

Finally, we obtained a single copy core gene observation table from the metagenomes using
the following method. We assembled each quality-filtered metagenome using Megabhit (Li et
al., 2015) with preset meta-sensitive and minimum contig length of 1000 bp. We then used
the Anvi'o metagenomics snakemake workflow (Kdster and Rahmann, 2012; Shaiber et al.,
2020; Eren et al., 2021) to construct a contigs database, map back the metagenomic reads
on the corresponding assembly (Langmead et al., 2009; Danecek et al., 2021), identify genes
(Prodigal, Hyatt et al., 2010) and finally examine taxonomic profiles of our metagenomes by
comparing the identified single copy core genes to the GTDB database (Buchfink et al., 2015;
Parks et al., 2018, 2020). The universal single-copy core genes considered here were a set

of 22 ribosomal protein genes as implemented in Anvi’o v7.

7. Comparison of the datasets

Generation of the phylum-level taxonomic plots and evolution of the ratio of Archaea in
samples was done in R v3.6.1, using phyloseq (v1.28.0, McMurdie and Holmes, 2013) and
ggplot2 (v3.3.0, Wickham, 2016) packages. We represented the relative composition of the
datasets at higher taxonomic ranks around a dendrogram using Graphlan (Asnicar et al.,

2015).
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To account for phylogenetic distance in dataset comparison, we placed the sequences from
the three datasets in the SILVA v138 reference archaeal tree extracted from the full reference
tree using ARB (Ludwig et al., 2004). To this end, we first extracted all ASV sequences
affiliated to Archaea from both metabarcoding datasets. For miTAGs, we used SINA'’s “search
and classify” option (v1.6.1, Pruesse et al., 2012) to filter out bacterial sequences. We then
aligned the full set of query sequences and tree sequences using MAFFT with default
parameters (v7.273, Katoh, 2002), and masked the positions with more than 95% gaps using
the easel functions in HMMER (Johnson et al., 2010). Finally, we generated the phylogenetic
placement file using EPA-ng (Barbera et al., 2018).

The resulting phylogenetic placement file was analyzed using gappa (Czech et al., 2020). It
was first split into 56 independent files by sample according to the ASV table using gappa edit
split function. We then computed the edge PCA with function gappa analyze edgepca. Finally,

we visualized the resulting projection of samples into principal coordinate space in R v3.6.1

with ggplot2.
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Results

1. In silico primer specificity evaluation using SILVA v138 16S rRNA

database

We first assessed the potential coverage of the two primer sets on the SILVA v138 database,
allowing no mismatches (Table 2). As expected, the archaea-specific primers presented no
coverage of the diversity of domains Bacteria and Eukaryota. They also matched at most
61.1% of the overall database of archaeal sequences, even combining all 5 primer pairs.
Conversely, the universal primers showed comparably good coverage on the three domains,
between 80.8 and 84.5.

The archaeal primer mix exhibited a generally lower coverage in all archaeal phyla except for
Aenigmarchaeota, Euryarchaeota and Korarchaeota, far outperforming the universal primers
in the latter (77 to 14.8). On the contrary, there was a strong discrepancy in coverage for phyla
Hadarchaeota, lainarchaeota and Nanoarchaeota in favor of the universal primers, with the
archaeal set matching respectively 13.2 to 18.4%, 13.6 to 15.9% and 0.2% of database
sequences when universal primers matched 77.3%, 46.7% and 59.7%. In addition to these
differences in specificity, both primer sets exhibited good coverage of Asgardarchaeota,
Euryarchaeota and Hydrothermarchaeota, and both performed poorly on sequences affiliated

with phyla Aenigmarchaeota, Altiarchaeota and Nanohaloarchaeota (no sequence coverage).
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Table 2: Potential coverage of primer pairs determined using TestPrime 1.0 against the SILVA

RefNR database v138, at domain level, and phylum level for Archaea.

Primer pairs Universal | Archaeal | Archaeal | Archaeal | Archaeal | Archaeal | Overall

\ primers primer1 | primer2 | primer3 | primer4 | primer5 | archaeal
Taxon primers
Bacteria (domain) 84.5 0 0 0 0 0 0
Eukaryota (domain) 80.8 0 0 0 0 0 0

Archaea (domain) 81.0 10.3 34.2 5.6 9.2 1.8 34.2-61.1
Aenigmarchaeota 3.5 2.3 5.3 0.3 4.6 16.5 16.5 - 29
Altiarchaeota 7.5 0 0 0 24 0 24
Asgardarchaeota 86.2 0.6 1.5 0 65.4 5.4 65.4-72.9
Crenarchaeota 83.4 29 9.4 0 11.9 0.4 29 - 50.7
Euryarchaeota 78.4 0 81.4 0 0.9 1.3 81.4-83.6
Hadarchaeota 77.3 0 13.2 0 0.3 4.9 13.2-18.4
Halobacterota 86.8 0 46 20.2 7.9 24 46 - 76.5
Hydrothermarchaeota | 86.3 0 79 0 1.0 0 79 - 80
lainarchaeota 46.7 0 23 0 13.6 0 13.6-15.9
Korarchaeota 14.8 0 77 0 0 0 77
Micrarchaeota 28.2 0 2.9 0 15 5.9 5.9-10.3
Nanoarchaeota 59.7 0 0 0 0 0.2 0.2
Nanohaloarchaeota 0 0 0 0 0 0 0
Thermoplasmatota 82.1 0.1 54.7 0 2.4 23 54.7 - 59.5

2. Datasets description

The environmental dataset used to compare the methods was composed of 60 sediment
samples, 30 samples collected from three hadal sites and 30 samples recovered from three
abyssal sites. As highlighted in the methods section, these samples came from two different
trench regions, triplicate cores were recovered for one hadal and one abyssal site, and the

cores were sliced up to 30 cm below the seafloor (cmbsf). Construction of metagenomic
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libraries failed for 4 of these 60 samples (Table S3), which were subsequently discarded from

the metabarcoding datasets.

2.1. Universal primers dataset

A total of 56 sequence files were thus obtained after amplification with the universal primers
and sequencing, producing 47,627,181 raw sequences of the 16S rRNA gene V4-V5 region,
with a mean of 850,485 reads by library. A total of 17,360,183 reads were recovered from the
additional 23 control libraries that were constructed and sequenced simultaneously, including
sampling (empty bags of storage conditioned on-board research vessels at the end of some
of the sampling sessions), extraction (empty kit processed through all extraction steps together

with the samples) and PCR (hanopure water) controls.

After processing with DADA2 the dataset included 42,469,064 sequences distributed among
81,066 ASVs. Of those, 2019 (about 2.5%) were found in control libraries, with 1460 ASVs
specific to these libraries. A specific ASV accounted for 99% of the negative control libraries.
This ASV, affiliated with partial 16S sequences of Sphingobium strains, has been recognized
by the manufacturer as a pervasive contaminant of Tag-Phusion reagents (Salter et al., 2014),

a contamination that occurred in all commercial kits up to 2019.

After bioinformatic processing, decontamination and reduction to the 46 samples that
successfully went through bioinformatic processing for the three methods, the dataset
comprised a total of 46 libraries with 22,672,216 sequences representing 69,157 ASVs. 16.4%
of these ASVs (11,320 ASVs adding up to 16.7% of sequences) were assigned to domain

Archaea.
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2.2. Archaeal primers dataset

Only 48 out of the 56 sample libraries were obtained by amplification with the archaeal primer
mix and sequenced, producing 29,150,201 raw sequences of the 16S rRNA gene V4-V5
region, with a mean of 607,296 reads by library. A total of 602,022 reads were recovered from
the additional 21 control libraries. After processing with DADA2 the dataset was composed of
15,718,397 sequences and 3,239 ASVs. Of those, 171 (about 5.3%) were found in control
samples, representing less than 1% of the total number of reads. After bioinformatic
processing, decontamination and reduction to samples successfully processed for the three
methods, the dataset comprised 46 libraries including 15,458,643 sequences representing

2,928 archaeal ASVs.

For both amplicon datasets, rarefaction curves were plotted (Fig. S1) and confirmed that

sampling and sequencing efforts captured most of the sample diversity.

2.3. miTAGs dataset and SCG profiles

The metagenomic dataset was composed of 56 metagenomic libraries with a mean of
159,868,288 raw reads. On average, 0.037% of the quality filtered reads were identified as
MiTAGs by Phyloflash.

When taxonomy was assigned using Phyloflash, the dataset reduced to the 46 samples
successfully amplified and processed for the three methods comprised 8501 phylotypes, out
of which 386 were archaeal and added up to 277,544 sequences. By contrast, assigning
taxonomy to the sequences using the Naive Bayesian Classifier implemented in DADA2 led
to a dataset composed of 1483 microbial phylotypes, among which 121 were archaeal and
represented by a total of 225,439 sequences.

After metagenome assembly and annotation, we observed that ribosomal protein S11 was the
most abundant single-copy core gene in our dataset. We produced SCG-based taxonomic

profiles with several core genes with similar outcomes and thus present here only the results
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based on S11 sequences. On average, we found a coverage of 3620.42x of ribosomal protein
S11 in our metagenomes, varying between 1993.24x and 7506.57x. For Archaea, the mean

coverage in these samples was 810.97x.

3. Comparative taxonomic profiles on deep-sea benthic samples

We extracted the percentage of Archaea-assigned sequences from all datasets whenever
possible and examined its variation across samples (Fig. 8A). There was a higher proportion
of archaea in abyssal samples than in hadal ones (22.1%, 15.4%, 7.8%, 33.1% vs 12.8%,
7.7%, 3.7% and 12.3% respectively with the universal primer pair, miTAG (phyloflash), miTAG
(NBC) and SCG dataset, p-value < 2.10-6). The datasets yielded different estimates of
archaeal relative abundance for each sample, however the values based on the 16S rRNA
gene, be it using universal primer amplicons or miTAGs, followed a remarkably similar pattern
across samples (Fig. 8A). On the contrary, the relative abundance of archaea estimated by
SCG profiles showed sharp and singular variations, ranging from 1.4% to 49.6% of the
sequences identified, and delivered lower estimates in the deep horizons of the hadal sites
and of abyssal site A9 in particular. This drop in archaeal ratio seemed to be due to a
taxonomic bias of the recovered SCGs, as it coincided with more diverse samples (i.e. less
dominated by Nitrososphaeria) for the universal primers and miTAG dataset, with diversity
that was mostly missed by the SCGs (Fig. 8F).

In terms of taxonomy, all datasets indicated the predominance of class Nitrososphaeria
(previously part of phylum Thaumarchaeota), especially in the abyssal zone (Fig. 8B-F).
Nanoarchaeota represented an important part of the universal and miTAG datasets (11.7 to
22%) (Fig. 8C, D and E). Contrastingly, they were not detected in the archaeal primers dataset
(Fig. 8B) and barely presentin the SCG data (Fig. 8F). Overall, the taxonomic profiles obtained
with the universal primer amplicon dataset were remarkably similar to the ones obtained based

on unassembled metagenomic data (miTAGSs). They differed mostly in the relative percentage
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of sequences assigned to the relatively rare Hydrothermarchaeota, these sequences making
up 3 to 3.8% of the miTAG dataset, depending on the taxonomic assignation method
employed, and only 1% of the universal primer dataset (Fig. S1). Asgardarchaeota sequences
were also less represented in the universal primer dataset than in the profiles obtained from
the miTAGs assigned using Phyloflash, though this might be an artefact of the taxonomic
affiliation method since this discrepancy was also observable when assigning miTAG
sequences using DADA2’'s implementation of the NBC. This last method of taxonomic
assignment was included for comparison purposes, but yields a non-negligible amount of
unassigned sequences, both at domain level (17%) and at deeper taxonomic ranks.

Apart from their lack of Nanoarchaeota detection, the archaeal primers produced few
sequences affiliated with Asgardarchaeota (Fig. 8B).

Finally, the taxonomic profiles obtained from assembled metagenomic data through the most
abundant single copy core gene (ribosomal S11 gene here) captured little of the archaeal
diversity, with only 4 phyla represented (Fig. 8F), and was thus not included in further
comparisons. Sequences affiliated with Asgard-, Nano-, Had-archaeota and Bathyarchaeia

were only detected in samples from the deeper horizons of hadal sites and abyssal site A9.
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Figure 8: Composition of datasets at domain and phylum level. A) Percentage of sequences
identified as Archaea in the three datasets detecting both Bacteria and Archaea (miTAGs are
represented after taxonomic assignation with two methods). Archaeal phyla diversity profiles
in the four datasets considered: B) archaea-specific amplicon dataset, C) universal amplicon
dataset, D) miTAG dataset assigned with Phyloflash, E) miTAG dataset assigned with
DADAZ2’s implementation of the Naive Bayesian Classifier and F) SCG profiles based on
Ribosomal gene S11. The samples are ordered by increasing depth in the sediments for
each site, and phylum Crenarchaeota has been split between Bathyarchaeia,

Nitrososphaeria and Others for clarity.
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In order to better understand the specific differences in the results obtained with the
metabarcode and miTAG methods, we represented the partition of each dataset at deeper
taxonomic levels on a dendrogram (Fig. 9).

Once again, the lack of detection of Nanoarchaeota (order Woesearchaeales) by the archaeal
primers was evident (Fig. 9B), as well as the predominance in all datasets of Nitrososphaeria,
and more precisely Nitrosopumilaceae, most of them assigned to Candidatus Nitrosopumilus
(Fig. 9). Indeed, in all datasets the sum of the relative abundance of Nanoarchaeota and
Crenarchaeota (defined based on SILVA 138) added up to more than 93% of the archaeal
community (Fig. S2) except for the NBC-assigned miTAGs, for which it amounted to 87.17%,
probably due to the higher percentage of unassigned sequences. In this last dataset, the
proportion of unassigned sequences was highest at all taxonomic levels, although it was
overall relatively high also with other methods, with at best 68,9% of sequences assigned at
genus level in the archaea-specific amplicon dataset (Fig. S6). Interestingly, Phyloflash was
the method that assigned sequences to the largest diversity of genera, most of these being
uncultured representatives.

Differences in detection between the metabarcoding and metagenomic datasets were
observable in the less abundant taxa: Halobacterota and Euryarchaeota
(Methanofastidiosales) were assigned less than 0.1% of the sequences (at least 1 order of
magnitude less than in the miTAG datasets), and Thermoprotei were not detected in the ASV
data. Conversely, Aenigmarchaeota members (Deep Sea Euryarchaeotic Group and

Aenigmarchaeia) had very similar relative abundance profiles across all datasets.
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A Universal primer dataset B Archaeal primer dataset
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AR15: GW2011-AR15
A_l: Aenigmarchaeia
A_2: Aenigmarchaeales
Aenigm: Aenigmarchaeota
Alti: Altiarchaeota

Asgard: Arsgardarchaeota
At_1: Altiarchaeia

At_2: Altiarchaeales

Eury: Euryarchaeota

GWC1: GW2011_GWC1 47 15
HB_1: Halobacteria

HB_2: Halobacterales

H_1: Hydrothermarchaeia
H_2: Hydrothermarchaeales
Halo: Halobacterota
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Hydr: Hydrothermarchaeota
I_1: lainarchaeia

I_2: lainarchaeales
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CG: CG1-02-57-44 MBGA: Marine Benthic Group A .
Ca-Alt: Candidatus Altiarchaeum MS1: Methanosarcinia _ <50%
CaA: Candidatus Amesbacteria bacterium MS2: Methanosarciniales .
CaD: Candidatus Diapherotrites archaeon Met: Methanofastidiosales <10%
CaE: Candidatus Nitrosopelagicus Na: Nanoarchaeota archaeon

Cal: Candidatus lainarchaeum Ni: Nitrosoarchaeum _ <1%
CaP: Candidatus Pacearchaeota archaeon Odin: Odinarchaeia

CaU: Candidatus Nitrosopumilus SG: SGB-5 <0.1%
Ce: Cenarchaeum TP: Thermoprotei

Co: Thermococci Th_2: Thermoplasta <0.01%

D5: SCGC_AAAD11-DS
DSEG: Deep Sea Euryarchaeotic Group

Therm; Thermoplasmatota

Figure 9. Dendrogram of the taxa representing more than 0.025% of the datasets, with

nodes colored in green if found in the specific dataset presented: A) universal amplicon

data, B) archaea-specific amplicon data, C) miTAG dataset assigned using Phyloflash and

D) miTAG dataset assigned using DADA2’s implementation of the Naive Bayesian

Classifier. Pixel-shaped nodes represent uncultured archaeons. The heatmap layers

around the dendrogram represent the percentage of the dataset made up by the considered

taxon at a given taxonomic rank. Grey color indicates no detection.

4. Multi-dimensional analysis based on phylogenetic distance

Considering that taxonomic assignation methods may blur the interpretation of the differences
among diversity characterization methods, we also compared the datasets based on
phylogenetic distance between sequences (Fig. 10).

Abyssal samples for the three datasets clustered together. Similarly to the results presented
in Fig. 8 and 9, differences were observed for the hadal sites. Surface horizon samples for the
metabarcoding datasets seemed to cluster closer together than with miTAGs, at the top of the
ordination space. However, samples from the deep horizons of the hadal sites and abyssal
site A9 formed a distinct group on the left side of the ordination space for the universal primer

dataset and the miTAG dataset (Fig. 10D).
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Figure 10: Edge Principal Components Analysis of the three datasets (universal
primers data, archaeal primers and miTAGs) based on placement of the sequences
in the SILVA reference tree. The dataset is illustrated by shape, and the points are
colored according to A) dataset, B) the depth range of the sampling sites (hadal or

abyssal), C) the sampling sites and D) the sediment horizon.
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Discussion

Screening for the optimal way to inventory the biodiversity of deep sea benthic
archaeal communities, this study based on the comparison of two 16S rRNA V4V5
metabarcoding datasets with metagenome-extracted SSU rRNA sequences (miTAGSs), and
single copy core gene profiles, supported the accuracy of universal metabarcoding primers
(Parada et al., 2015) and miTAGs. Both delivered highly similar results in terms of community
composition, while single copy core gene profiles failed in uncovering the diversity of archaeal
lineages. More surprisingly, the set of archaea-specific primers chosen for screening here
because of its wide use in subsurface studies showed important diversity coverage gaps both
in silico and on the environmental samples used for this comparison.

miTAGs have been proposed as an alternative to 16S amplicons to avoid targeted
PCR biases (Logares et al., 2014). Here we used them as a starting point to assess the
performance of the two metabarcoding primer sets, universal and archaea-specific. The
taxonomic profiles (Fig. 8B, C, D and E) showed that the results obtained with the universal
primers were remarkably comparable to the miTAGs results, a result reinforced by the Edge
PCA ordinations (Fig. 10), particularly for deeper hadal sites. They mostly differed from the
archaeal primer dataset in the detection of phylum Nanoarchaeota. We also showed here that
this poor detection by the archaea-specific primer set could be expected from the results of
the in silico PCR using SILVA TestPrime, which predicted their coverage of Nanoarchaeota at
0.2% (Table 2). On the contrary, the in silico results at phylum level did not reflect the
difference in detection of Hydrothermarchaeota in favor of the archaeal primers that was
observed on real data. This highlights the fact that these a priori results need to be confirmed
through experimental data since a single base pair mismatch between primer and sequence
can lead to a significant skewing of the results (Bru et al., 2008; Parada et al., 2015; Eloe-
Fadrosh et al., 2016). It also means that these results need to be examined with the aim of
the study in mind, since a different conclusion might be reached depending on the taxa of

interest.
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Nanoarchaeota -more precisely Woesearchaeales- and Nitrosopumilaceae (part of the
Thaumarchaeota phylum in former SILVA 132 release) dominated the archaeal communities
found in our samples, a trend also observed in previous hadal studies (Cui et al., 2019;
Peoples et al.,, 2019). On the less abundant phyla, the archaeal primers showed again
important coverage gaps compared to their counterparts (Fig. 9B), with a lower percentage of
sequences assigned to lain-, Alti-, Eury-, and Asgard-archaeota, expected in silico for the first
two lineages (Table 2). In addition, a bias in both ASV datasets was visible in their lower
detection of Halobacterota, and the lack of Thermoprotei (Fig. 9A, B). It was difficult however
to determine whether some differences in abundance profiles resulted from PCR or
assignation biases, since the profiles were similar between universal ASV data and NBC-
assigned miTAGs, but differed from Phyloflash-assigned miTAGs (e.g. Candidatus
Altiarchaeum, Heimdall- and Odin-archaeia, and Bathyarchaeia).

Other blindspots that might exist in the metabarcoding ASV data, according to the
TestPrime results (Table 2), are a lower coverage of the diversity in phyla Aenigm-, Micr- Kor-
, and Nanohalo-archaeota. The last two were indeed undetected, yet we acknowledge that
they represented a very small fraction of the sequences extracted from the metagenomes
(0.00044% to 0.00108% and 0.0036% respectively) (Fig. S1). Though it is probable that both
sets of primers tested here would present coverage gaps for these phyla, it is difficult to
conclude. Regarding Aenigmarchaeota, surprisingly, similar abundance profiles were
retrieved in all datasets (Fig. 9), which seemed to indicate an adequate performance of both
primer sets.

The taxonomic profiles produced from assembled metagenomic data by detecting
single copy core genes (results presented here for ribosomal gene S11) diverged from the
results based on the 16S rRNA gene (amplicons and miTAGs) (Fig. 8F). Although they
showed the same predominance of Nitrososphaeria, they did not accurately capture the
diversity of archaeal lineages, or only in deeper horizon samples where these populations, as
seen with the other methods, became relatively more abundant (Fig. 8). This is most likely due

to the specific challenges of metagenomic assembly (Wang et al.,, 2019; Lapidus and
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Korobeynikov, 2021) and the fact that targeted populations represented a very small fraction
of the microbial communities. There is also a discrepancy between the abundance and the
genetic diversity of some clades: in the universal dataset, 22% of archaeal sequences were
affiliated with phylum Nanoarchaeota but were split in 9628 ASVs, while Crenarchaeota
accounted for 75.5% of the sequences but only 758 ASVs. This could partly explain the
increased difficulty in reconstructing Nanoarchaeota-affiliated single copy core genes. It also
highlights the much wider sequence diversity among the 16S rRNA gene within the

Nanoarchaeota phylum compared to those affiliated to Crenarchaeota.

Overall, miTAGs seemed to be an interesting method to establish taxonomic profiles
of benthic archaeal diversity. However, since they are extracted from random sequencing of
the whole 16S rRNA gene, it is not possible to constitute OTUs (Operational taxonomic units)
or ASVs based on sequence identity. This method thus entirely relies on taxonomic
assignation followed by aggregation of sequences belonging to the same lineage into
phylotypes, or alignment and phylogenetic placement to obtain phylogenetic distances. This
can become a problem for beta-diversity or network analysis, where high resolution is needed.
In the ecosystem studied here, due to the relative uniformity of taxonomic diversity in all
samples (Fig. 8), and the low level of assignation at higher taxonomic levels (31 to 67%
unassigned at genus level) (Fig. S6), ordinations based on miTAG phylotypes did not illustrate
archaeal community structure as well as ASVs obtained with the universal primers (data not

shown).

A rigorous estimate of the proportion of Archaea compared to Bacteria in deep sea
benthic sediments cannot be obtained without the help of experimental data such as gPCR or
CARD-Fish microscopy. A few studies have described the relative proportion of Bacteria and
Archaea in surface sediments of various oceanic regions using these techniques (Molari and
Manini, 2012; Giovannelli et al., 2013; Jgrgensen et al., 2013; Danovaro et al., 2016).

However, they highlighted limitations due to the probes used in the case of CARD-Fish data,
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and observed widely varying estimates depending on the region, bathymetric depth and
sediment depth, making it difficult to extrapolate these results to our study. Interestingly
however, all the datasets exhibited similar trends in the relative proportion of archaea, with the
exception of the one based on single copy core genes. miTAG data assigned using the Naive
Bayesian Classifier most probably underestimated this proportion since 17% of the sequences
were not assigned at domain-level. Nevertheless, the similarity in pattern underlined a
reproducibility that makes it possible to compare this ratio among samples characterized using

the same method.
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Conclusion

The results presented here show that the universal primers are capable of producing diverse
taxonomic profiles comparable to the miTAG dataset for archaea found in deep sea surface
sediments, with the exception of some of the rarest lineages. They also clearly exhibit better
reproducibility than the archaea-specific primer mix tested here, as they seemed less affected
by the low amount of DNA extracted from deep-sea sediment samples. Additionally, these
primers have been widely used, making our results comparable to other large-scale studies of
the ocean microbiome (Peoples et al., 2019; Tara Oceans Coordinators et al., 2020). Thus we
argue that, for deep-sea benthic archaeal diversity studies where resolution up to the ASV
level is necessary, such as beta-diversity or network analyses, metabarcoding based on these
universal primers is a cost-effective and appropriate choice.

This conclusion should be reevaluated depending on the aim of the study, be it a specific
target lineage or a different biome where the relative proportion of Archaea might be lower
and thus more difficult to access. It supposes a high sequencing depth that might not always
be achievable. Thus, depending on the results, it might be appropriate to use a combination
of domain-specific primers, or to design new primers, a task that can be informed by the

mMiTAG method considered here, as also proposed by McNichol et al. (2021).
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Supplementary Figures
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Figure S1: Rarefaction curves for the 2 metabarcoding datasets, colored by sediment
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metabarcoding dataset, miTAGs assigned using the NBC in DADA2, miTAGs assigned in
Phyloflash and universal metabarcoding dataset.
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Figure S5: Heatmap of the relative proportion of each taxonomic family in the four datasets.

The names of the families are colored by phylum, see Fig. S3 for legend.

Figure S6: Heatmap of the relative proportion of each taxonomic genus in the four datasets.

The names of the genera are colored by phylum, see Fig. S3 for legend.
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Résumé de l'article en francais

Les sédiments marins recouvrent la majorité de la surface de la planete Terre, et les micro-
organismes qui les habitent jouent un réle central dans les cycles biogéochimiques marins.
Pourtant, la description de la distribution et de la biogéographie de la diversité microbienne
sédimentaire est encore trop limitée pour permettre d’évaluer la contribution des processus
donnant lieu a cette distribution, comme par exemple l'influence respective de la dérive, de la
connectivité et de la spécialisation. Pour apporter des éléments de réponse a cette question
nous avons analysé 210 librairies de métabarcoding visant les Bactéries et les Archées,
générées a partir d'une collection d’échantillons standardisés et découpés en horizons
provenant de 18 stations organisées selon un gradient longitudinal entre I'Est de la
Méditerranée et 'Ouest de I'Atlantique. Dans I'ensemble, nous avons observé une différence
dans les schémas biogéographiques suivant I'échelle spatiale considérée : a I'échelle locale,
linfluence sélective de I'environnement contemporain semble la plus forte, tandis que
I'héritage des processus historiques via la limitation de dispersion et la dérive devient plus
visible a I'échelle régionale, jusqu’a I'emporter sur les influences contemporaines a I'échelle
inter-régionale. En ce qui concerne les facteurs environnementaux, la structure des
communautés est principalement liée a la profondeur de I'eau, avec une transition claire entre
800 et 1200 metres sous la surface. Le bassin océanique, la température de l'eau et la
profondeur dans le sédiment sont d’autres facteurs explicatifs importants de la structure des
communautés microbiennes. Enfin, nous suggérons que I'augmentation de la limitation de
dispersion et de la dérive écologigue avec la profondeur dans le sédiment pourrait étre un des
facteurs résultant dans la divergence accrue observée pour les communautés des horizons

profonds.
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Abstract

Seafloor sediments cover the majority of planet Earth and microorganisms inhabiting these
environments play a central role in marine biogeochemical cycles. Yet, description of the
biogeography and distribution of sedimentary microbial life is still too sparse to evaluate the
relative contribution of processes driving this distribution, such as the levels of drift,
connectivity, and specialization. To address this question, we analyzed 210 archaeal and
bacterial metabarcoding libraries from a standardized and horizon-resolved collection of
sediment samples from 18 stations along a longitudinal gradient from the eastern
Mediterranean to the western Atlantic. Overall, we found that biogeographic patterns
depended on the scale considered: while at local scale the selective influence of contemporary
environmental conditions appeared strongest, the heritage of historic processes through
dispersal limitation and drift became more apparent at regional scale, and ended up
superseding contemporary influences at inter-regional scale. When looking at environmental
factors, the structure of microbial communities was correlated primarily with water depth, with
a clear transition between 800 and 1200 meters below sea level. Oceanic basin, water
temperature, and sediment depth were other important explanatory parameters of community
structure. Finally, we propose increasing dispersal limitation and ecological drift with sediment

depth as a probable factor for the enhanced divergence of deeper horizons communities.
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Introduction

Marine sediments cover around 65% of the Earth’s surface and accumulate particulate
organic matter settling from the water column, thereby representing the largest sink of oceanic
organic matter (Jgrgensen and Boetius, 2007; Seiter et al., 2005). Bacteria and archaea in
these sediments represent the largest pool of biomass in the deep sea, with their abundance
estimated to be on the order of 4.9 x 10 cells in the benthic layer (top 50 cm) and 2.9 x 10%°
globally (Kallmeyer et al., 2012; Danovaro et al., 2015). Contrary to meio-, macro-, and mega-
fauna, their abundance and biomass does not decrease with water depth, though cell counts
decrease logarithmically with depth in the sediments. Benthic bacteria and archaea are
essential for the early diagenesis of sinking organic matter and as a consequence, they are
crucial contributors to biogeochemical cycles, determining the partitioning between buried
organic matter and nutrients released in the water column (Orcutt et al., 2011; Teske et al.,
2011). This underlines the importance of the benthic boundary layer microbial communities as
a transition between water-column and subseafloor communities (Zinger et al., 2011; Walsh
et al., 2016).

Thanks to recent technological advances, particularly in sequencing techniques (e.g.
Huber et al., 2006, reviewed in Salazar and Sunagawa, 2017), it is now possible to perform
near-exhaustive inventories of benthic microbial community diversity across large spatial
scales, and to investigate patterns of microbial distribution. Despite their essential role in the
marine ecosystem (Nealson, 1997; del Giorgio and Duarte, 2002; Jgrgensen and Boetius,
2007; Aristegui et al., 2009; Molari et al., 2013), processes shaping benthic prokaryotic
community structure are still poorly understood, and the existence of biogeographic patterns
has been questioned owing to their possible unlimited dispersal ability (Green and Bohannan,
2006; Astorga et al.,, 2012). Nonetheless, recent studies focusing on deep sea benthic
microorganisms at local and regional scale (Jacob et al., 2013; Buttigieg and Ramette, 2015;

Liu et al., 2020; Li et al., 2021) and meta-analyses (Bienhold et al., 2016; Petro et al., 2017,
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Hoshino et al., 2020) have clearly shown geographic structuration in these communities, even
at reduced spatial scales.

Biogeographic patterns are usually considered to result from four main evolutionary
forces: selection, diversification, dispersal, and drift (Vellend, 2010; Hanson et al., 2012;
Nemergut et al., 2013). These processes are often split between deterministic and stochastic,
selection being considered wholly deterministic, drift being stochastic, and dispersal and
diversification largely accepted as stochastic processes, although they may encompass both
deterministic and stochastic components (Zhou and Ning, 2017). One of the most studied
biogeographic patterns resulting from these processes is the evolution of community
composition with geographic distance. When community similarity decreases with increasing
geographic distance, a distance-decay relationship or “isolation by distance” pattern will be
observed (Nekola and White, 1999; Horner-Devine et al., 2004; Soininen et al., 2007; Hanson
et al., 2012). Coupled with investigation of the link between community and environmental
similarity, this approach provides insights into the relative contribution of historical and
contemporary processes shaping microbial provinces and habitats, as proposed by Martiny et
al. (2006).

Besides, microbial communities display a strong stratification with sediment depth that
has traditionally been explained by the redox gradient with depth of electron acceptors that
are sequentially consumed by organic matter respiring microorganisms (Emerson et al., 1980;
Durbin and Teske, 2011; Orcutt et al., 2011). In addition to the deterministic influence of
environmental conditions, recent studies focusing on processes involved in vertical distribution
of sedimentary microorganisms have suggested a strong influence of surface community
structure on the subseafloor community assembly through selective survival, beginning in the
very first layers of sediment (Jochum et al., 2017; Petro et al., 2017, 2019; Starnawski et al.,
2017; Kirkpatrick et al., 2019; Marshall et al., 2019).

In this study, we aimed at examining benthic microbial community diversity and
biogeographic patterns across the Mediterranean - Atlantic basins to determine to what extent

the microbial community structure resulted from past historical processes versus
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contemporary environmental drivers at different spatial scales. Building on previous work
suggesting that assembly of subseafloor microbial communities initiates in the very first layers
of sediment, we also examined the evolution of microbial community structure with increasing

depth in the surface sediments of the seafloor.

Material & Methods

1. Sample collection and processing

1.1. Cruises and locations

Samples from 18 stations from the eastern Mediterranean Sea to the northern Atlantic Ocean
were collected between April 2016 and May 2017 (Fig. 11A). In the spring of 2016, samples
were taken from the upper and lower bathyal zones of the Gulf of Lion during cruises
ESSNAUT16 (DOI: 10.17600/16000500) and CanHROV (DOI: 10.17600/16012300). In
September 2016, the MEDWAVES cruise (Atlas project H2020) targeted one Mediterranean
feature (Seco de los Olivos gullot), and three Atlantic features (Gazul mud volcano in the Gulf
of Cadiz, Ormonde seamount off Portugal and Formigas seamount off Azores) (Orejas et al.,
2017). In March 2017, samples were collected from the abyssal plains of the North Atlantic
Ocean during transect cruise AMIGOL. Finally, in May 2017, the sampling for this study was
completed during the PEACETIME cruise (DOI 10.17600/17000300), targeting the lower

bathyal zone of the western Mediterranean Sea. Details of the stations are given in Table 3.
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Table 3: List of sampling stations and their characteristics. Mbsl = meters below sea-

level.
Geographi Location Latitude | Longitude | Depth | Station name Sampling
c zone (mbsl) cruise
Mediterranean (abyssal plain) | 35.4891 10.776 3100 ION PEACETIME
- lonian Sea
- Mediterranean (abyssal plain) | 39.3402 | 12.5927 3400 TYRR
3 - Tyrrhenian Sea
c
§ Mediterranean (undersea 42.7167 6.1333 2490 | Canhrov_ST CanHROV
o canyon) 1
8
3 Mediterranean (passive 42.9422 6.7422 2417 ESN1 ESSNAUT16
= margin) — Gulf of Lion
43.0867 6.4512 334 ESN2
Mediterranean (abyssal plain) | 37.9467 2.9167 2800 FAST PEACETIME
Alboran Sea (Seco de los 36.4808 -2.8945 729 ST179 MEDWAVES
Olivos gullot)
36.5460 | -2.8135 381 ST201
S 36.5157 | -2.7942 554 ST215
3
S Gulf of Cadiz (Gazul mud 36.5598 | -6.9492 470 ST22
= volcano)
36.5605 | -6.9498 470 ST23
Southwest Portugal 36.8442 | -11.3025 1920 ST38
(Ormonde seamount)
Azores (Formigas seamount) 37.34 -24.7552 1325 ST117
- 37.2837 | -24.7873 1245 ST68
<
(]
8 North Atlantic (abyssal plain) 26.89 -22.4442 4931 | Amigol_STO AMIGO1
Q
% 23.0042 | -41.2092 4770 | Amigol_ST1
< 20.3392 | -49.4359 4630 | Amigol_ST2
18.8175 | -54.0836 4630 | Amigol_ST3

1.2. Sampling protocol

For each station, three cores were collected with a multicorer (MUC) or push-cores deployed
from the Nautile submarine (ESSNAUT16) or a remotely operated vehicle (ROV, CanHROV).
The sediment cores were sliced onboard in a lab environment previously cleaned using ~10%
bleach solution, rinsed with ethanol and ultrapure water. Each core was sliced into depth

layers following a standard scheme: 0-1 cm, 1-3 cm, 3-5 cm, 5-10 cm, 10-15 cm, and when
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the cores were long enough 15-30 cm or to 1 cm before the maximum length, to avoid
contamination from the core extruder. Slicing was performed using spatulas also bleached
and rinsed with ultrapure water before each use. Horizons (slices of sediment) were
transferred into zip-lock bags, homogenized, and frozen at —80°C on board before being

shipped on dry ice to the laboratory where they were also kept at -80°C.

2. DNA extraction

DNA extractions were performed in a sterile lab, using approximately 10 g of sediment with
the PowerMax Soil DNA Isolation Kit according to the manufacturer’s instructions (Qiagen,
Hilden, Germany) with modifications: the elution buffer was left on the spin filter membrane for
10 min at room temperature before centrifugation in order to increase DNA vyield. Extraction
controls were performed by using an empty tube from the kit for each series of extraction or
extraction kit batch. In total, 8 extraction blanks were produced. When field controls were
prepared onboard (empty zip-lock bags), the first solution of the kit was poured into the control
ziplock bag, before following the usual extraction steps. Each of the resulting 5 mL DNA

solutions were stored at -80°C.

3. Libraries construction and sequencing

A primer pair targeting both Bacteria and Archaea (Parada et al., 2015) was used to amplify
the V4V5 region of the 16S rRNA gene (515F: 5-GTGYCAGCMGCCGCGGTAA, 926R: 5'-
CCGYCAATTYMTTTRAGTTT). PCR amplifications were carried out at Genoscope (Evry,
France) as part of the eDNAbyss project (see Supporting Information for amplification,
purification, and quantification details). Amplicon libraries were prepared for each sample by
non-directional ligation of lllumina adapters on 100 ng of amplicons following the Kapa Hifi

HotStart NGS library Amplification kit (Kapa Biosystems, Wilmington, MA, USA). After
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quantification and quality control, libraries normalized to 8—9 pM concentrations and containing
a 20% PhiX spike-in were sequenced on HiSeq2500 instruments in a 250 bp paired-end mode

(System User Guide Part # 15035786).

4. Bioinformatic analysis

All bioinformatic analyses were performed using a standardized pipeline (Brandt et al., 2021),

available on Gitlab (https://gitlab.ifremer.fr/abyss-project/abyss-pipeline), on a home-based

cluster (DATARMOR, Ifremer).

First, sequence files were renamed from their Genoscope identifiers to more explicit names.
Due to non-directional adapter ligation, inserts were sequenced in different orientations. We
thus used Cutadapt v1.9 (Martin, 2011) to identify the primer sequence in each read and sort
them according to two criteria: forward or reverse primer and forward or reverse sequencing.
Data for each sample was thus split into 4 sequence files (R1F, R1R, R2F, R2R). Cutadapt
then removed the identified primer sequences and BBMAP repair (Bushnell, 2014) was used
to ensure that reads were still paired by sorting reads using the information present in their
description line and removing unmatched reads.

For each sequencing run, we determined Amplicon Sequence Variants, merged read pairs
and removed chimeras using the DADA2 package v.1.10 (Callahan et al., 2016), following
guidelines from the online tutorial for paired-end HiSeq data

(https://benjjineb.github.io/dada2/bigdata.html). The script implementing DADA2 was applied

separately to the two pairs of sequence files R1F/R2R and R2F/R1R. The parameters used
for filtering and trimming reads were as follows: truncation length of 220 base pairs, maxN= 0,
maxEE= 2 and truncQ= 11. The error learning step was based on nbases= 1e8. Merged
sequences were size-filtered by keeping sequences with a length between 350 and 390 bps.
The Amplicon Sequence Variants (ASVs) tables produced by DADA2 for each run were then

merged, collapsing ASVs based on DNA sequence identity. Taxonomic assignment was
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performed with the implementation of the RDP naive Bayesian classifier (Wang et al., 2007)
available in DADA2 v.1.10, using the Silva v138 reference database (Quast et al., 2013) and

a bootstrap threshold of 80.

The ASV and taxonomy tables produced by this pipeline were then combined in a phyloseq
object (phyloseq v1.28.0, McMurdie and Holmes, 2013) in an R v3.6.1 environment. Reads
from the same amplicon library, but originating from different lllumina runs, were merged under
the same sample name before removing sequences from unwanted taxa (Eukaryota,
Chloroplast and Mitochondria affiliated sequences). Data was decontaminated using
extraction, PCR and field controls using the decontam package (v1.4.0, Davis et al., 2018), or
handpicking in the case of the ASV dominating control libraries reads (see reproducible
workflow on github). Samples totaling less than 40,000 reads after decontamination were
removed, the appropriate metadata added, and the final object saved as a phyloseq object for
further analysis in R.

Scripts  for  the  reproducible  bioinformatic ~ workflow are  available at

https://github.com/loimai/ABYSS 16S/tree/master/docs.

5. Sediments characterization

Characterization of the sediment samples was carried out by Filab S.A.S (Dijon, France).
Granulometry values were obtained using wet Malvern laser scattering together with humidity
level and loss on ignition at 550°C (see Supporting Information for more details on the methods

used).

Temperature for each sampling station was extrapolated when possible (MEDWAVES
expedition) from CTD data from the same sampling stations (Orejas et al., 2017). When this
data did not exist, it was set to average temperature recorded in the ocean basin at the depth

considered (Mantyla and Reid, 1983; Pierre, 1999; Martin-Cuadrado et al., 2007).
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6. Statistical analysis

All subsequent statistical analyses were done in R v3.6.1, using phyloseq (v1.28.0, McMurdie
and Holmes, 2013), vegan (v2.5.7, Oksanen et al., 2015) and ggplot2 (v3.3.0, Wickham, 2016)
packages to compute alpha diversity, beta diversity, and produce taxonomy barplots.

A map of the sampling stations was generated using ggmap (v3.0.0, Kahle and Wickham,
2013). Description of the sampling sites was based on available metadata using the principal
components analysis (PCA) from package FactomineR (L& et al., 2008). Environmental
parameters considered for each sample were ocean depth at sampling station, distance from
shore, sediment horizon (depth in the sediment core), temperature above seafloor, and
sediment characteristics, namely mean organic matter content by station and horizon, mean
humidity level by station and horizon, mean granulometry (um), and heterogeneity of particle
size. Visualization of the distance-decay relationships relied on community similarity computed
using a Bray-Curtis index after normalization of the dataset using cumulative sum scaling with
the metagenomeSeq package (Paulson et al., 2013). Geographic distance was measured
using a 'Vincenty' (ellipsoid) great circle distance to take into account Earth curvature, relying
on packages enmSdm, and geosphere (v1.5.10, Hijmans, 2019). Environmental similarity
between samples was estimated with euclidean distances on the centered and scaled
environmental data table, using the R base scale function. The statistical difference between
the slopes of the models fitted to the distance-decay relationships was tested using function
diffslope2 from package simba (Jurasinsk and Retzer, 2012).

Beta-diversity variation partitioning analysis were computed using function varpart in the
vegan package. Ordinations of the microbial data were visualized as nMDS using phyloseq,
and environmental data were fitted to the ordinations using the envfit function in package
vegan. Permutational multivariate analyses of variance were performed when appropriate with
the adonis function of package vegan, after checking the homogeneity of group dispersions
using function betadisper. Finally, biomarker detection was done with the DESeq2 package

(1.24.0, Love et al., 2014).
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The fully reproducible workflow for statistical analysis is available at:

https://github.com/loimai/ABYSS 16S/tree/master/docs.
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Results

1. 16s rRNA gene amplicon processing

A total of 230 sample libraries were built and sequenced, producing 195,470,177 raw
sequences of the 16S rRNA gene’s V4-V5 region, with a mean of 849,870 reads by library. A
total of 17,366,268 reads were recovered from the additional 24 control libraries that were
constructed and sequenced simultaneously, originating from sampling (empty storage bags
conditioned on-board research vessels at the end of some of the sampling sessions),
extraction (empty kit processed through all extraction steps together with the samples) and

PCR (ultrapure water) blanks.

After processing with DADAZ2 the dataset included 123,454,421 sequences for a total of
265,198 ASVs. Of those, 1,223 (about 0.5%) were found in control samples, and 728 ASVs
were specific to the control libraries. Most of the contamination was dominated by a specific
ASV that accounted for 99% of reads in negative control libraries. This ASV, affiliated with
partial 16S sequences of Sphingobium strains, is a recognized contaminant of Tag-Phusion

reagents (Salter et al., 2014).

After bioinformatic processing, taxonomic refining and decontamination, the dataset
comprised a total of 210 libraries including 66,826,975 sequences representing 260,567 ASVs
(min 40,076 sequences, max 847,227 sequences). Rarefaction curves (Fig. S7) confirmed

that sequencing and sampling efforts captured most of the sample diversity.
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2. Description of sampling sites
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Figure 11: Description of sampling sites: (A) Map of the sampling stations across the
Mediterranean and Atlantic transition. (B) Characterization of the samples based solely on
available metadata using a principal components analysis biplot. Arrows represent the

decomposition of the variables

Three geographic zones were defined based on the coordinates of the sampling stations
(Table 3 and Fig. 11A). From East to West, the Mediterranean zone grouped the stations from
the lonian and Tyrrhenian Sea, the Gulf of Lion and the abyssal plain near the Balearic Islands.
The Transition zone around the Gibraltar Strait consisted of the stations from the Alboran Sea,
Gulf of Cadiz and southwest Portugal. Finally, the Atlantic zone was composed of the Azores

and north Atlantic abyssal plain stations.

We first characterized the samples based on the available environmental parameters (depth,
distance from shore, temperature, organic matter (OM) content, humidity level, mean

granulometry (um) and heterogeneity of particle sizes) (Fig. 11B). The first two dimensions of
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the Principal Components Analysis summed up 63.4% of the total inertia. Five variables
contributed most to these dimensions, namely depth and distance from shore, temperature,
OM content and granulometry, leading to a segregation of samples by site rather than oceanic
basin. Depth and distance from shore were anti-correlated with temperature, thus creating a
gradient of sampling sites from the shallow warm sediments of the Mediterranean Sea to the
deep abyssal samples of the Atlantic Ocean. Two groups of sites, from the Azores and Gulf

of Cadiz, differed most from the others based on the sediment composition data.

3. Distance-decay relationship between deep sea sediment
communities

To explore biogeographic patterns along the longitudinal gradient, we plotted the community
similarity between pairs of samples as a function of their geographic distance and their
environmental similarity (Fig. 12). Regarding geographic distances, we only compared
samples originating from the same sediment layer (horizon) and partitioned the pairwise
comparisons according to sampling region (Mediterranean, Atlantic and Transition region) to
investigate biogeographic patterns at regional (Fig. 12A) and inter-regional scales (Fig. 12B).
Community similarity between sample pairs generally decreased with geographic distance,
hence exhibiting a clear distance-decay relationship (DDR) at all scales, both within (Fig. 12A)
and between geographic zones (Fig. 12B). Linear regressions of the DDRs showed that the
highest rate of decrease in community similarity with distance occurred in the transition zone
(slope: -0.00342), followed by the Mediterranean basin (slope: -0.00134), and the Atlantic
basin (slope: -0.000715). At inter-regional scale, the slope of the DDR was steepest between
the Atlantic and Transition regions and the Mediterranean and Transition regions (Fig. 12B).
It was 0.5 times less steep in the Atlantic-Mediterranean comparison, likely due to the most

distant samples originating from the deepest stations in the dataset (water depth).
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In addition, we observed a generally positive correlation between community similarity and

environmental similarity, with a modelled regression slope at least four times higher at intra-

regional scale (Fig. 12A, slope: 0.0703 to 0.0835) than at inter-regional scale (Fig. 12B, slope:

0.00601 to 0.0213).
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Figure 12:. Pairwise Bray-Curtis community similarity between samples with respect to

geographic distance (km) and environmental similarity: (A) samples from the same geographic

zone, (B) samples from two different zones. For the evolution with distance, pairwise

community similarity was evaluated exclusively between samples of the same horizon.
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Blue lines illustrate linear models computed for the subset of samples considered, and red
lines represent the overall linear regression when including all the samples. All linear models
have a p-value at least inferior to 3.306e1°.

Overall linear regression Log(Bray-Curtis) vs geographic distance: y = -1.81 - 0.000491x, R?
=0.27, p-value < 2.2e16

Overall linear regression Bray-Curtis vs environmental similarity: y = 0.261 + 0.0524x, R? =
0.27, p-value < 2.2e16

4. Distance-decay relationship depending on sediment horizons

When decomposed for each sediment layer, we observed a clear increase in DDR with
sediment horizon, with linear regression slopes approximately 5 times steeper in horizon 15-
30 cm compared to the top three horizons (Fig. 13, Table S1). Indeed, slopes ranged from
0.000445 in the first horizon (0-1 cm) to 0.00255 in horizon 15-30 cm (Table S1), and were
significantly different between adjacent horizons, except for horizons 1-3 cm and 3-5 cm. The
fit of the regression did not clearly improve in deeper horizons, and ranged from 0.17 to 0.4,
except for the lowest horizon where it reached 0.97 but was calculated on the lowest number

of samples (n = 12).
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Figure 13: Pairwise Bray-Curtis community similarity with respect to geographic distance (km)
between samples. Each point corresponds to a pairwise comparison between samples of the
same sediment horizon, and a linear regression has been computed separately for each

horizon (equations in Table S1).

5. Environmental parameters structuring microbial communities

In terms of alpha-diversity, Shannon indices were comparable across locations, except in the
north Atlantic and eastern Mediterranean abyssal plains (Fig. S8B), where Shannon diversity
was significantly lower (Kruskal-Wallis rank sum test, p < 2.2e%). These seemingly low
diversity samples were the ones most affected by the Tag-Phusion contamination, most
probably due to the low DNA content in the sediment and in the extract, resulting in poor
sequencing depths. Alpha-diversity estimates decreased with increasing horizon depth for all
locations, except for the sites located above 800 m ocean depth (Alboran Sea, Gulf of Cadiz,
and NW Med) (Fig. S8B).

Overall, benthic microbial communities considered in this study exhibited similar dominant
phyla, regardless of the origin of the samples in terms of geography, water depth, or horizon

depth. Members of the Acidobacteria, Crenarchaeota (mostly Nitrososphaeria, previously a
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member of phylum Thaumarchaeota), Planctomycetota, and Proteobacteria (shared between

Alpha- and Gammaproteobacteria) were predominant in all samples (Fig. S8A).

When investigating the correlation between microbial community composition and
environmental parameters, we found that samples readily clustered by site on the ordination
(Fig. 14A, PERMANOVA test F= 10.772, p= 0.001), as expected from the PCA results (Fig.
11B). We also noticed a clear split between samples originating from shallow (< 800 meters
below sea-level (mbsl)) and deep (> 1200 mbsl) stations even when originating from the same
oceanic basin (i.e. the Mediterranean). This depth effect was visible on ordination plots (Fig.
14A and B), with a significant fit of the environmental data (p= 0.005), and on alpha diversity
profiles (Fig. S8B). This difference was backed up by a variation partitioning analysis (Fig.
S10). Focusing on samples deeper than 1200 mbsl, the gradual change in community
structure with water depth was maintained, with an increased turnover with changes in

temperature and oceanic basin (Fig. 14A, B and C).

Few differences in taxonomic composition were observed at phylum level between samples
above and below 1000 mbsl (Fig. S8A), except for an increasing importance of Acidobacteria
with water depth, while Bathyarchaeia and Desulfobacterota (previously Deltaproteobacteria)

were present almost exclusively above 1000 mbsl.

Stratification of community composition with sediment horizon was observed in each depth
range (Fig. 14D) and was clearest in terms of taxonomy for the upper bathyal zone, with the
following trends: increase in the presence of Acidobacteria, Chloroflexi, and Nanoarchaeota
with increasing depth in the sediment cores, while the relative abundance of Alpha- and
Gammaproteobacteria decreased (Fig. S8A). This horizon effect was mostly apparent inside

each site (PERMANOVA F= 5.11, p= 0.001).

Contrary to the results from the environmental PCA (Fig. 11B), sediment composition was not
strongly linked with community composition. Indeed, humidity and heterogeneity of particle

size were not significantly correlated with the ordination axes. Granulometry, and the anti-
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correlated OM content, were significantly (p = 0.01) correlated with axis 2 of the ordination
though more weakly than temperature or depth. These results were reflected in the variation

partitioning analyses (Fig. S10C).
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6. Exploring the link between surface and subsurface communities at

local scale

We chose a subset of three sites located in the Alboran Sea (Seco de los Olivos gullot), each
sampled with triplicate cores down to 45 cm, to examine community changes at local scale.
The sites were sampled at three water depths (381 m, 554 m, 729 m, see Table 3), with a
maximum distance of 11 km between two sites.

We observed a distance-decay relationship for Alboran Sea samples (Fig. 15A). However, in
contrast with (inter)regional scales, neither the slope of the DDR nor its fit increased with depth
in the sediment at local scale (Table S2). A significant correlation between Bray-Curtis and
environmental similarities was apparent as well, with a fit (R? = 0.53) (Fig. 15B) in the same
range as what was observed at the regional scale (R? = 0.16-0.62) (Fig. 12A).

Variation partitioning analysis showed that a larger fraction of variation in data was attributed
to the horizon effect (29.6 — 32.7%) than to site effect, conflating spatial distance and variation
in depth and temperature (9%), or sediment composition (1.8%) (Fig. 15C).

Biomarker analysis strengthened this observation (Fig. 15D). We split our samples between
surface horizons (0-10 centimeters below the seafloor (cmbsf)) and subsurface horizons (10-
40 cmbsf), based on the findings of Petro et al. (2019) highlighting a shift in community
composition at the bottom of the bioturbation zone. We then determined three sets of site-
specific surface biomarker ASVs, together with one set of general surface biomarkers, and
one set of general subsurface biomarkers. Represented in Fig. 15D is the contribution of each
set of biomarkers to the communities at each site, in the surface (left) and subsurface (right)
horizons. Site-specific biomarkers made up a small fraction of the community (< 1.8%) while
surface and subsurface ones accounted for 36.9-45.6%. As seen in the taxonomic profiles,
the surface biomarkers were assigned to a variety of taxonomic groups, including classes
Nitrososphaeria, Alpha- and Gamma-proteobacteria, while the subsurface biomarker ASVs
mostly belonged to phyla Desulfobacterota, Acidobacteria, Chloroflexi, and class

Bathyarchaeia (Fig. S9A).
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Sea) based on the five sets of biomarkers identified: overall surface and subsurface
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cmbsf were considered as subsurface horizons.
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Discussion

In this work, using a rigorous, standardized slicing scheme and homogeneous
molecular and bioinformatic analyses, we confirm at local, regional, and inter-regional scales
the existence of strong biogeographic patterns for prokaryotic communities across the
Mediterranean-Atlantic transition. Patterns emerged revealing regional and inter-basin
differentiation following a distance-decay relationship for all scales considered. We further
investigated present day environmental drivers and main evolutionary forces shaping the
composition of prokaryotic communities populating the seafloor. In addition to the longitudinal
structuration of communities, we confirm a systematic vertical stratification also reported at
different depth scales in previous studies (Durbin and Teske, 2011; Orcutt et al., 2011; Jochum
etal., 2017; Petro et al., 2019; Lloyd et al., 2020). We took advantage of the longitudinal extent
of our dataset to investigate what processes might be at play in the assembly of microbial

communities in and just below the bioturbation zone.

On the importance of water depth: an environmental and biogeographic boundary?
The transition between the upper and lower continental slope, around 800-1000 mbsl,
is often associated with sharp local changes in sea bottom and water column conditions. It
delineates the upper bathyal zone, found below the mesopelagic waters between 200 and
~1000 mbsl, and the lower bathyal zone (1000 - 3500/4000 mbsl) (Watling et al., 2013;
Costello et al., 2017). Our results indicate that this transition is also associated with marked
changes in benthic microbial community structure as shown in the multidimensional analysis
(Fig. 14B). In terms of alpha-diversity, no decline with horizon depth was observed in the upper
bathyal zone, while all samples of the lower bathyal zone exhibited such a trend (Fig. S8B). In
terms of beta-diversity, communities present above 800 mbsl and below 1200 mbsl clustered
independently of temperature, which was very variable in this study, from the warmer

Mediterranean to the colder Atlantic waters. This segregation was reflected in the larger
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amount of ASVs shared among shallow sites of the Mediterranean Sea and the Gulf of Cadiz,
rather than with geographically closer but deeper sites (data not shown). Several non-mutually
exclusive hypotheses could account for such sharp ecological transition, among which i) the
transition from piezotolerant to piezophilic microorganisms around 10 MPa, i.e. 1000 mbsl
(Fang et al., 2010; Cario et al., 2019; Scoma, 2020), and ii) the nature of organic matter (OM)
and its lability. Indeed, even though OM quantity did not vary significantly between depth
zones (Fig. S11), more available OM may characterize sites closer to the shoreline in the
upper bathyal zone (Seiter et al., 2005; Kallmeyer et al., 2012; Giovannelli et al., 2013).
When excluding the very distinct upper bathyal samples from the analysis, oceanic
basin emerged as the second parameter influencing community structure: below 1200 mbsl,
communities segregated according to basin origin (Atlantic versus Mediterranean). However,
basins and temperature co-vary between the Atlantic and the Mediterranean, their respective
contribution to beta-diversity has thus been difficult to disentangle, as illustrated by ordinations
in Fig. 14A and 4C. Other available environmental variables partially describing habitats
(sediment granulometry, water content, OM) showed similarities between oceanographic
basins (Fig. 11B), and minimally contributed to the general beta-diversity variation partitioning
analysis (5.2%, Fig. S10C). Finally, a latitudinal effect has been shown in other studies
(Friedline et al., 2012). Here, no such correlation emerged, possibly due to the relatively

narrow sampling zone, constrained between 20°N and 40°N.

Beyond depth: do historical or contemporary parameters drive community structure?

Given that the ecological processes influencing patterns of microbial community
assembly are at play at any given time, it is necessary to consider their effects from a temporal
as well as spatial point of view, thus distinguishing between historical and contemporary
processes. In an influential review, Martiny et al. (2006) laid out a structured framework to
interpret biogeographic data and the respective contribution of both types of processes. The
authors defined “microbial habitats” as environments where microbial communities are

structured by current ecological niche (defined by a set of biotic and abiotic parameters), while
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“microbial provinces” refer to regions that have undergone different historical processes, the
legacies of which are visible in the contemporary structure of microbial communities. In the
latter case, communities in equivalent niches but different provinces may harbor diverging
communities. In our study, we thus used this framework and compared community and
environmental similarity matrices to identify the contributions of these processes at different
geographic scales.

At regional scale, we observed an important correlation of community similarity with both
environmental similarity and geographic distance (Fig. 12A), indicating the presence of both
distinct microbial habitats and different microbial provinces. At distances beyond regional
scale however, only the distance-decay relationship remained visible, while correlations with
environmental similarity were largely lost (Fig. 12B). Here, we cannot rule out the possibility
that measurement of additional environmental parameters could lead to an increased link
between community and environmental similarity, especially since the contribution of
environmental selection to community structure was visible in the clustering patterns
correlated with depth and temperature in the ordinations (Fig. 14B and C). It has also been
put forward that dormancy and the presence of microbial spores, abundant in marine
sediments (Wormer et al., 2019), can affect the biogeographic patterns observed at the
microbial level (Locey et al., 2020). Nevertheless, in spite of this potential “noise” in our data,
DDRs remained clearly apparent at both the inter- and intra-regional scales. Overall, our
results show that the influence of historical processes such as dispersal limitation and past

environmental conditions supersedes contemporary influences at inter-regional scale.

Previous studies (Martiny et al., 2006, 2011; Lecours et al., 2015) have highlighted
differences in beta-diversity patterns depending on the scale considered. At local scale
(Alboran Sea), both the distance-decay relationship (Fig. 15A) and the link between
community and environmental similarity (Fig. 15B) were apparent. Around 30% of ASVs were
shared among all Alboran sites, quantitatively representing between 80% and 86% of reads.

When focusing on the quantitative variation of these shared ASVs, the correlation between
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community and environmental similarity weakened (data not shown). This may reveal an
influence of environmental selection mostly visible in the less abundant ASVs specific to each
site, and/or dispersal limitation, with larger populations dispersing more easily and making up
a core community of shared ASVs (Li et al., 2021). The presence of this biogeographic pattern
at a scale of less than 10 km underlines the limited dispersal capability of benthic

microorganisms (Zinger et al., 2011, 2014; Bienhold et al., 2016).

Environmental filtering and ecological drift in subsurface community assembly

The important link between sediment horizon and community richness and
composition was evident from the sample ordinations (Fig. 14D), taxonomic composition (Fig.
S8A), alpha-diversity patterns (Fig. S8B), and PERMANOVA analysis (F= 5.11, p= 0.001).
The clearest changes in relative abundance were observed for Acidobacteria, Chloroflexi, and
Bathyarchaeia, which all became more abundant deeper below the seafloor (Bienhold et al.,
2016; Hoshino et al., 2020; Jgrgensen et al., 2020; Lloyd et al., 2020; Vuillemin et al., 2020).
In contrast, Desulfobacterota showed first an increase in relative abundance, before
decreasing in deeper horizons in the upper bathyal zone, a pattern also described by Lloyd et
al., 2020.
Recently, Petro et al. (2017, 2019) invoked selection of subsurface microorganisms locally
from the surface community during burial as an important process driving subsurface
community assembly. Here, we tried to quantify the relative contribution of stochastic versus
environmental processes at local scale using site-specific biomarker analysis. When
comparing three adjacent sites (< 10 km apart), we found that site-specific ASVs only
marginally contributed to the total community (< 1.8%, Fig. 15D), whereas horizon-specific
biomarkers, considered here as proxies for environmental filtering, were predominant (36.9-
45.6% of reads). This finding is in line with the hypothesis of a strong environmental influence
raised in previous work (Starnawski et al., 2017; Petro et al., 2017, 2019; Kirkpatrick et al.,
2019; Marshall et al., 2019; Lloyd et al., 2020), even within the first decimeters of sediment.

The observations from Petro et al. (2019) on the depth of influence of the bioturbation zone
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are also in line with the detection of macrofauna in a parallel metabarcoding study on these
Mediterranean and Atlantic samples (Brandt et al., in prep).

In addition, we observed increasing rates of distance-decay with increasing depth in
the sediment throughout the entire transect (Fig. 13, Table S1). In theory, an increase in DDR
slope steepness can generally be explained by two processes: selection or lack of dispersal
resulting in ecological drift (Hanson et al., 2012). In the case of selection, spatial auto-
correlation of environmental parameters (e.g., salinity or temperature gradients) can lead to
an increase of beta-diversity with distance. In this study, it is safe to assume that all
environmental parameters possibly correlated with geographic distance (temperature, water
depth) apply a similar pressure throughout the entire sediment horizons considered. We
should thus observe parallel DDR regressions for the different sediment horizons, as
community turnover rate would not vary with sediment depth. This is indeed what we observed
at local scale (Fig. 15A), suggesting that although the composition of surface communities
differed, they changed simultaneously while being buried, most probably due the similar set
of environmental conditions encountered. In contrast, we observed a clear increase of the
distance-decay rate with sediment depth over the whole dataset (Fig. 13, Table S1). We thus
argue that, in this case, decreasing dispersal towards lower sediment horizons, leading to
increasing ecological drift, is most probably responsible for the increase in microbial

community differences across deep-sea sites with increasing sediment depth.
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Conclusion

This study presents a large scale, high definition characterization of the spatial distribution of
benthic bacteria and archaea at the transition between two oceanic basins. Overall, we
observed strong biogeographic patterns over the transition between the Mediterranean Sea
and the Atlantic Ocean that depended on the scale considered. While at local and regional
scale, community composition seemed to reflect both the influence of historical processes and
of current environmental conditions, at the inter-regional scale the legacy of historical
processes appeared more prevalent. Water depth, ocean basin, and water temperature were
important environmental drivers of community structure. We found that in addition to
environmental filtering, dispersal limitation and ecological drift emerged as influential
processes in shaping the evolution of benthic microbial community composition with
increasing depth in the sediment.

In the future, the importance of stochastic biogeographic processes in the assembly of early
subsurface microbial communities could be further investigated by applying neutral and null-
model approaches (Stegen et al., 2013; LaBrie et al., 2020), which might be more adapted to
detecting the influence of drift in particular. In addition, part of the unexplained variation
detected in our data is probably linked to biotic interactions with organisms not covered in this
study (Gralka et al., 2020; Tobias-Hunefeldt et al., 2020), and may thus be further elucidated
with metabarcoding data being generated for metazoans and protists in the scope of this

project.
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Partitioning according to (A) spatial vs environmental components, (B) spatial component,
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latitude, longitude and squared latitude. Sediment composition (C) refers to the combination
of humidity level, organic matter content, mean granulometry and particle size (heterogeneity).

Finally, the environmental component in (A) is calculated using all the sediment variables
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mentioned above, combined with water depth, temperature, distance from shore and horizon

depth. Fractions are annotated with the obtained adjusted R square for each explanatory

variable or matrix, for which significance was tested. Values for the intersections are found by

subtracting different models and underline the possible redundancy of the explanatory

variables. They cannot be assigned significance, and negative values are a possible artefact

of the analysis.
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Figure S11. Evolution of sediment characteristics in the three depth zones targeted by the

longitudinal sampling scheme. Only mean heterogeneity of particle sizes significantly differed

between depth zones.

177



CHAPTER 2

Table S1: Values of linear regression parameters computed for each sediment horizon on the

whole dataset. Formula: log(Bray-Curtis similarity) = f(geographic distance)

Horizon Slope Intercept R? p-value
0 - 1 cmbsf 0.000446 -1.49 0.34 <2.2e-16
1 - 3 cmbsf 0.000527 -1.68 0.4 <2.2e-16
3 - 5 cmbsf 0.000499 -2.07 0.24 <2.2e-16
5 - 10 cmbsf 0.000657 -2.03 0.29 <2.2e-16
10 - 15 cmbsf 0.000811 -2.43 0.17 2.805e-13
15 - 30 cmbsf 0.00255 -0.680 0.97 <2.2e-16

Table S2: Values of linear regression parameters computed for the Alboran Sea samples for

each sediment horizon. Formula: log(Bray-Curtis similarity) = f(geographic distance)

Horizon Slope Intercept R? p-value
0 - 1 cmbsf -0.030 -0.411 0.58 4.162e-08
1 - 3 cmbsf -0.034 -0.453 0.46 3.536e-06
3 - 5 cmbsf -0.027 -0.382 0.76 2.963e-12
5-10 cmbsf -0.032 -0.370 0.91 <2.2e-16
10 - 15 cmbsf -0.027 -0.451 0.64 3.189e-09
15 - 30 cmbsf -0.022 -0.541 0.37 4.68e-05
30+ cmbsf -0.039 -0.475 0.42 6.546e-08
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Résumeé de l'article en francais

La diversité taxonomique et fonctionnelle présente dans les sédiments marins profonds a
encore été peu explorée. De récents efforts de caractérisation de la diversité microbienne
présente dans les sédiments benthiques des fosses Kermadec et Atacama ont souligné
'influence marquée de la biogéochimie dans la structuration des communautés. Dans cette
étude, nous nous sommes intéressés plus particulierement a la diversité archée détectée dans
les mémes sites en analysant 170 librairies de métabarcoding obtenues a partir d’échantillons
de sédiments provenant de sept sites dans I'axe des fosses, et quatre sites situés sur les
plaines abyssales adjacentes. Nous avons observé une prédominance de Nitrososphaeria
(nom proposé pour les Thaumarchées dans SILVA 138), en particulier pour les sites abyssaux
et les premiéres couches de sédiment des sites hadaux. Les Woesearchaeales (proposition
de nom au niveau de I'ordre pour le phylum candidat Woesearchaeota dans SILVA 138) quant
a elles sont la lignée principale détectée dans les horizons les plus profonds des sites hadaux
et de la pente continentale. Une analyse en réseau de cooccurrence a mis en avant pour ces
lignées des schémas de distribution liés a I'habitat (abyssal ou hadal) et a la profondeur dans
le sédiment, reflétant sans doute le contexte géochimique, et en particulier les différences de
profondeur de pénétration de 'oxygéne entre sites. L’analyse de la modularité du réseau a
aussi souligné la distinction entre communautés associées aux zones abyssales et hadales,
sans ségrégation apparente pour les sites partageant le méme habitat mais
géographiquement éloignés. En conséquence, nous avons observé une séparation par niche
écologique qui pourrait coincider avec des sous-genres spécifiques pour les deux principales
lignées taxonomiques. L’analyse du réseau n’a pas permis de montrer la présence de fortes
associations spécifiques entre les membres des Woesearchaeales et les autres lignées
d’Archées, ce qui semble renforcer I'hypothése d’'une complémentation métabolique non

spécifique.
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Abstract

Deep sea sediments hold a wealth of undescribed taxonomic and functional diversity. Recent
efforts to characterize the microbial diversity in benthic sediments of the Kermadec and
Atacama trenches have highlighted the importance of biogeochemistry in shaping community
structure. Here we focused on the archaeal diversity found in the same locations and analyzed
170 metabarcoding libraries obtained from sediment samples from seven trench axis sites and
four sites located on the adjacent abyssal plains. We observed a predominance of
Nitrososphaeria (proposed name for Thaumarchaeota in SILVA 138), particularly at abyssal
sites and in the surface layers of hadal sites. Woesearchaeales (proposed order-level name
for candidate phylum Woesearchaeota in SILVA 138) prevailed in deeper horizons of the hadal
and continental shelf sites. A co-occurrence network analysis revealed patterns of distribution
for these lineages in relation with habitat (hadal or abyssal) and sediment depth, seemingly
reflecting geochemical context, and in particular differences in oxygen penetration depth
between sites. Modularity analysis also highlighted a clear distinction between communities
associated to the abyssal and hadal zones, without any apparent separation between
geographically distant sites of the same habitat. As a result, we observed possible ecological
niche separation that could coincide with subclades in the two most abundant lineages. We
did not detect signs of strong specific associations between Woesearchaeales and other

archaeal lineages, strengthening hypotheses of non-specific metabolic complementation.
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Introduction

Archaea play crucial roles in marine subsurface sediments and biogeochemical cycles (Biddle
etal., 2006; Lipp et al., 2008; Offre et al., 2013; Vuillemin et al., 2019). At the interface between
these sediments and pelagic waters, benthic layers are the seat of early diagenesis, the first
steps in the remineralization of sinking organic matter (Froelich et al., 1979). As a
consequence, microbial communities of these layers are determining players in the partitioning
between buried organic matter and nutrients released in the water column (Deming, 1985). In
addition, it has been suggested that subsurface communities assemble through selective
survival of benthic microorganisms (Petro et al., 2017), making the description of benthic
Archaea an important step toward understanding deep subsurface life. However, the
contribution and biogeochemical role of Archaea to benthic ecosystem functioning is still
sparsely described in sediments of abyssal plains and hadal trenches.

A vast majority of archaeal diversity is only known through molecular approaches such as
metabarcoding, metagenomics or single-cell genomics (reviewed in Adam et al., 2017; Spang
et al., 2017; Baker et al., 2020). Indeed, Next Generation Sequencing has been instrumental
in the continual improvement of our knowledge of Archaea. Among other discoveries, the
DPANN superphylum was proposed in 2013 (Rinke et al), originally including phyla
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota.
Since then, further studies have described new candidate phyla seemingly belonging to this
monophyletic and deep-branching clade: Altiarchaeota (Probst et al., 2013), Huberarchaeota
(Probst et al., 2018), Micrarchaeota (Comolli et al., 2009) and Pacearchaeota (Takai and
Horikoshi, 1999). Most members of the DPANN exhibit small cell sizes and reduced genomes
(Dombrowski et al., 2019), and the few microorganisms that were successfully enriched in co-
culture were shown to be obligate symbionts of archaeal hosts (Huber et al., 2002a; Podar et
al., 2013; Wurch et al., 2016; Golyshina et al., 2017; Krause et al., 2017; St. John et al., 2019).

The first of these to be cultivated was Nanoarchaeum equitans, an ectosymbiont of Ignicoccus
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hospitalis (Huber et al., 2002a). However, the hypothesis that the DPANN superphylum is
dominated by symbionts has recently been questioned, in favor of a highly communal lifestyle
and fermentative metabolism (Beam et al., 2020).

Candidate phylum Woesearchaeota, classified as order Woesearchaeales in the latest version
of SILVA (v138, Quast et al., 2013) and initially referred to as Deep-sea Hydrothermal Vent
Group 6, is rather widely distributed in diverse environments (e.g. Castelle et al., 2015; Ortiz-
Alvarez and Casamayor, 2016; Han et al., 2017; Xu et al., 2017). In fact, a recent meta-
analysis reported a wide diversity of Woesearchaeales subgroups distributed in different
biotopes, yet with a majority of anoxic environments (Liu et al., 2018). Co-occurrence analysis
suggested a potential syntrophic relationship between Woesearchaeales and anaerobic
methanogenic archaea in inland ecosystems. Due to their recent addition to databases, these
small-celled archaea are often partially missed in metabarcode-based diversity inventories
(Eloe-Fadrosh et al., 2016; Bahram et al., 2019, Chapter 1.4). They were yet recently found
to be abundant members of archaeal communities of the deeper layers of benthic hadal
sediments (Peoples et al., 2019; Hiraoka et al., 2020; Schauberger et al., 2021b).

In the oxic surface layers of hadal sediments, as well as throughout the sediment column of
abyssal plains, Thaumarchaeota, reclassified as class Nitrososphaeria in the latest version of
the SILVA database (v138), dominate archaeal communities (Peoples et al., 2019; Vuillemin
et al., 2019; Hiraoka et al., 2020; Hoshino et al., 2020; Schauberger et al., 2021b). These
archaea are also widely distributed in pelagic environments (Francis et al., 2005), and all
described ammonia-oxidizing archaea (AOA) belong to this lineage (Alves et al., 2018). As a
consequence, they are expected to be important contributors to the nitrogen and carbon cycle
in marine sediments.

Hadal trenches are the deepest marine points on Earth, situated on the subducting borders of
tectonic plates (Bruun, 1956; Jamieson et al., 2010). Among other parameters, they are
distinguishable from adjacent abyssal plains by the increased hydrostatic pressure
experienced at the bottom of the trench, as well as increased input of organic matter due to

topographical funneling and mass-wasting events (Danovaro et al., 2003; Turnewitsch et al.,
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2014; Kioka et al., 2019). Because of this heightened influx of substrate, hadal trenches are
hotspots of biogeochemical activity in the deep sea (Ichino et al., 2015; Glud et al., 2021).
Indeed, oxygen consumption rates, often used as a measure of biological activity and benthic
carbon mineralization, have been estimated to be on the order of a few centimeters to ~10 cm
in the Kermadec and Atacama trenches, while in adjacent abyssal plains depletion of oxygen
was not reached at 20 cm (Glud et al., 2021). A study of the microbial communities found in
the benthic sediments of these trenches has highlighted phylum-level patterns of similarity
along the trench axes and strong variations in community compaosition with sediment depth in
conjunction with redox stratification (Schauberger et al., 2021b). Similar results were also
observed in other Pacific trenches, including the distinctness between abyssal and hadal
communities (Peoples et al., 2019; Hiraoka et al., 2020).

Here, we aimed at characterizing the archaeal communities found in benthic sediments of the
Kermadec and Atacama trenches and adjacent abyssal plains. Using co-occurrence networks,
we investigated the patterns of distribution, and in particular the possible distinctness or
connectivity between trenches and with the shallower sites. Finally, we attempted to outline

putative associations of members of the Woesearchaeales with other archaeal lineages.
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Material & Methods

1. Sample collection and processing

Samples for this study were collected during the two South Pacific HADES-ERC cruises
described in Chapter 1.4: a first cruise to the Kermadec trench in November 2017 and a
second cruise to the Atacama trench in March 2018 (Fig. 16A). During the first one, sites K6
(in the trench axis) and K7 (on the adjacent abyssal plain) were sampled using a multicorer
and a boxcorer respectively, recovering one core from each site (Fig. 16B). The second set of
samples collected during the cruise to the Atacama trench were all obtained using a multicorer.
Triplicate cores were recovered from six sites in the trench axis (A2, A3, A4, A5, A6, A10),
one bathyal (A1) and one abyssal site (A9) located between the trench and the coastline, and

one abyssal site (A7) lying under the open ocean, west of the trench (Fig. 16C).

As in chapter 1.4, the recovered sediment cores were sliced immediately after getting onboard
in a 3°C cold room using equipment previously bleached and rinsed with ethanol and nanopure
water. Each core was sliced into depth layers following a standard scheme (0-1 cm, 1-3 cm,
3-5 cm, 5-10 cm, 10-15 cm, and 15-30 cm), with always at least 1 cm left on the extruder to
avoid contamination. Slicing was performed using spatulas also bleached and rinsed with
nanopure water before each use. Samples were then transferred into zip-lock bags,
homogenized, and frozen at -80°C on board before being shipped on dry ice to the laboratory
where they were also kept at -80°C. At station A9 and Al, empty bags were also conditioned

on board to be later used as field controls.
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Figure 16: Map of the study areas in the South Pacific Ocean (A). Bathymetric maps with
sampling sites in the Kermadec Trench (B) and the Atacama Trench (C). Extracted from
(Schauberger et al., 2021). All bathymetry data were obtained from the Global Multi-Resolution
Topography Synthesis (Ryan et al., 2009). Black lines in B and C indicate the 6000 m depth

contour.
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2. DNA extraction, library construction and sequencing

DNA extractions were performed using 10g of sediment as presented in chapters 1.4 and 2.
For this study, the universal primer pair by Parada et al. (2015) targeting the V4V5 region of
the 16S rRNA gene was used (515F-926R), based on the results of chapter 1.4. Library
preparation and sequencing were carried out at Génoscope (Evry, France) as detailed in

chapter 1.4.

3. Bioinformatic processing

Bioinformatic processing of the metabarcoding dataset was performed using the standardized
pipeline implemented and tested in chapter 1.3 (Brandt et al., 2021), available on Gitlab

(https://qgitlab.ifremer.fr/abyss-project/abyss-pipeline), on a home-based cluster

(DATARMOR, Ifremer).

This processing was carried out as detailed in chapter 1.4, with the exception that after
decontamination of the data, the sample with the lowest number of sequences (24,019) was
removed from the dataset. All other libraries contained more than 250,000 sequences. The
library with the maximum number of reads was also an outlier, totaling over 3 million reads,
and was randomly subsampled to 1,125,000, a number similar to the second highest number
of reads.

The reads were taxonomically assigned in DADA2 v1.10 with the RDP naive Bayesian
classifier (Wang et al., 2007), using the SILVA v138 reference database (Quast et al., 2013)
and a bootstrap threshold of 80. Subsequent analyses were run only on ASVs identified as

Archaea.
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CHAPTER 3
4. Statistical analysis

Subsequent statistical analyses were done mostly in R v3.6.1, using phyloseq (v1.28.0,
McMurdie and Holmes, 2013), vegan (v2.5.7, Oksanen et al., 2015) and ggplot2 (v3.3.0,
Wickham, 2016) packages to compute alpha diversity, and produce taxonomy barplots.

The archaeal network was computed using pairwise covariance with SPIEC-EASI (Kurtz et
al., 2015) on a filtered phyloseq object containing only the most abundant ASVs, with more
than 50 sequences in at least three samples. This filtered object represented 7.1% of archaeal
ASVs but 90.4% of their abundance. Edges with positive weights were then used to determine
modules of highly interconnected ASVs using function cluster_louvain and make_clusters of
igraph (Csardi, 2013), with the Louvain algorithm (Blondel et al., 2008). The network of the
main correlations (> 0.5 edge weight) was visualized in Gephi (Bastian et al., 2009) with Force
Atlas 2 layout algorithm. The following analysis of module composition and distribution was

done in R v3.6.1 with the same packages as stated above.
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Results

1. Dataset description

A total of 171 sequence libraries were obtained after amplification with the universal primers
from Parada et al. (2015) and sequencing produced 155,713,315 raw sequences of the 16S
rRNA gene V4-V5 region, with a mean of 627,876 reads by library. An additional 19,951,385
reads were recovered from the 25 control libraries that were constructed and sequenced
simultaneously, including sampling (empty bags of storage conditioned on-board research
vessels at the end of some of the sampling sessions), extraction (empty kit processed through

all extraction steps together with the samples) and PCR (nanopure water) controls.

After processing with DADAZ2 the dataset included 106,675,420 sequences distributed among
176,216 ASVs. Of those, 2040 (about 1.2%) were found in control libraries, with 1337 ASVs
exclusive to these libraries. A specific ASV accounted for 99% of all negative control libraries.
This ASV, affiliated with partial 16S sequences of Sphingobium strains, has been recognized
by the manufacturer as a pervasive contaminant of Tag-Phusion reagents (Salter et al., 2014),

a contamination that occurred in all commercial kits up to 2019.

After decontamination and removal of eukaryotic, mitochondrial and chloroplast sequences,
the dataset comprised 170 sample libraries with 85,272,666 sequences representing 172,107
ASVs. 18.8% of these ASVs (32,388 ASVs adding up to 15.8% of sequences) were assigned

to domain Archaea.

2. Overview of archaeal diversity

The mean ratio of sequences identified as Archaea in the samples considered was 16%, with

a wide variation of estimates, between 5.03% and 37.5% (Fig. 17). The lowest value was
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obtained from the Atacama hadal site A10 in horizon 3-5 cm, and the highest value in horizon
10-15 cm of open ocean abyssal site A7 (adjacent to the Atacama trench). Overall, the
percentage of archaeal sequences was higher in abyssal samples on the open ocean side of
the trench (A7 and K7) than in hadal samples (Kruskal-Wallis rank sum test, p-value = 1.181e-

13), and at the Atacama abyssal site this percentage increased with depth in the sediments.

In terms of taxonomic diversity, the most abundant class detected was Nitrososphaeria (SILVA
138 classification for Thaumarchaeota), with 59.3% of archaeal sequences, but interestingly
only 3.8% of ASVs (Fig. 18). Conversely, the second most abundant class, Nanoarchaeia,
totaled 33.1% of archaeal sequences but 81.8% of ASVs. All of these ASVs were classified at

order level as Woesearchaeales (SILVA 138 classification for Ca. Woesearchaeota).

Nitrososphaeria dominated surface horizons at all the sampled sites, and the open ocean
abyssal communities up to 30 cm (deepest horizon sampled). In sediments from the trench
axis and the continental plate, there was an increase in diversity with increasing sediment
depth, mostly illustrated by an increase in the relative abundance of Woesearchaeales (Fig.
18). This was reflected in alpha diversity patterns, with higher estimates in deeper sediments
of these sites, and the highest alpha diversity computed for the bathyal site (Fig. S12). At this
bathyal site (Al), a higher relative abundance of Thermoplasmata and Bathyarchaeia was
detected. Lokiarchaeia were also important members of archaeal communities at both
landward sites, bathyal and abyssal, and 27% of unassigned sequences at class level were
actually members of the Asgardarchaeota (Fig. 18). Finally, at the Kermadec trench site
Woesearchaeales dominated the archaeal community below 10 cm. At the Atacama trench
sites more taxonomic diversity was detected below 5 cm, with varying relative contributions of

Bathyarchaeia, Hydrothermarchaeia and Lokiarchaeia depending on the site (Fig. S13).
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Figure 17: Percentage of sequences identified as Archaea in each sample, grouped by trench,

zone, and horizon depth.
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Figure 18: Archaeal taxonomic profiles at class level, grouped by trench, zone, and horizon

depth. Taxonomic assignment was based on SILVA 138.
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3. Archaeal co-occurrence network

The co-occurrence network obtained from the archaeal ASVs presenting more than 50
sequences in over three samples consisted of 2314 nodes (ASVs) and 51,720 edges (links).
Modularity analysis with the Louvain algorithm revealed seven modules (Fig. 19A), with clear
patterns of distribution depending on habitat type and horizon depth (Fig. 19B). Interestingly,
no module appeared to be specific to a trench region when the same type of habitat was

sampled in both Kermadec and Atacama regions.

Modules 5, 6 and 7 were almost exclusively present in the landward sites: module 7 in the
surface of the bathyal site, module 6 in the deeper horizons of both sites and module 5 in the
deeper horizons of the abyssal site (Fig. 19B). These modules thus reflected the taxonomic
diversity described above at these sites (Fig. 20).

Additionally, module 1 made up a large part of the surface communities of the Atacama
landward abyssal site, and dominated open ocean abyssal sites (Fig. 19B). This module was
composed almost entirely of Nitrososphaeria (Fig. 20). When visualizing the network with
edges of weight over 0.5, module 1 seemed to tend towards a split in two sub-modules (Fig.
19A). Closer inspection of the distribution of ASVs assigned to this module revealed two
principal modes of distribution: decrease or increase in abundance with sediment depth (Fig.
S14). ASVs becoming more abundant with sediment depth were shared between abyssal
open ocean sites of both trenches, but seemed very scarce in samples from the landward
abyssal site.

Module 2 was also mostly composed of Nitrososphaeria (Fig. 20), and largely dominated hadal
sites surface layers both in Atacama and Kermadec (Fig. 19B). Its contribution decreased with
sediment depth, starting at horizon 3-5 cm overall in Atacama, and 10-15 cm in Kermadec.
Module 2 was also detected at abyssal sites to a lesser extent, with a similar pattern of

decrease in abundance with sediment depth.
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Finally, modules 3 and 4 were characteristic of deeper horizons of hadal sites, and mostly
composed of Woesearchaeales (Fig. 19B, Fig. 20). In the Kermadec trench hadal site, both
modules increased in abundance in parallel, while in Atacama hadal sites, module 4 increased
up to 10 cm depth, before decreasing, and module 3 became dominant below 10 cm.

Network visualization using Force Atlas 2 layout algorithm opposed modules characterizing
hadal sites on the bottom right of the figure (modules 2, 3 and 4), and the other modules on
the top left (Fig. 19A). The node with highest betweenness centrality at the interface between
these two big clusters was classified as belonging to phylum Asgardarchaeota but was not
assigned further. A blast search yielded two identical sequences of uncultured archaeon from

other benthic studies of cold seeps and asphaltic hydrocarbon emissions (Knittel et al., 2005).
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Figure 19: Co-occurrence network and modularity analysis (A) Visualization of the co-
occurrence network of Archaea computed with Spiec-easi, using Force Atlas 2 layout
algorithm. Only edges with a weight over 0.5 are represented. Nodes and edges are colored
according to the module they were assigned to, and node size illustrates betweenness
centrality. (B) Distribution profiles of the archaeal modules in samples organized by trench,
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zone and increasing horizon depth. The relative abundance illustrated is based only on the

ASVs used to compute the network.
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Figure 20: Taxonomic composition of the modules at class level. Relative proportion of each
class is computed ASV sequence numbers.

4. Putative associations of Woesearchaeales

Based on the prevalence of Woesearchaeales in the deep horizons of hadal sites, we
visualized the sub-networks corresponding to modules 3 and 4, restricting them to strong
correlations (edges of weight superior to 0.7) (Fig. 21). In both cases, most correlations were
found between Woesearchaeales.

In module 3, there were links between Woesearchaeales and nodes belonging to a number of
classes: Bathyarchaeia, Hydrothermarchaeia, Nitrososphaeria, Lokiarchaeia and Altiarchaeia.
Three of the unassigned nodes (244, 738, 2047) belonged to phylum Asgardarchaeota, and
the last one (2155) was only classified at domain level. The closest relative according to a

blast search was an uncultured archaeon, 81.9% similar, identified in a study of geothermal
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springs (Kormas et al., 2009). In module 4, edges linked nodes belonging to Woesearchaeales

with Hydrothermarchaeia and Thermoplasmata members.
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Figure 21: Visualization of the edges of weight over 0.7 in modules 3 (A) and 4 (B). The Open

Ord layout algorithm was used to better distinguish clusters. Nodes and edges are colored

according to taxonomy of the nodes (class level, based on SILVA 138).
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Discussion

1. Influence of habitat, sediment depth and trench of origin on archaeal
benthic communities

In this study, we investigated archaeal communities of abyssal and hadal benthic sediments
using metabarcoding data generated from standardized samples from 11 sites of the
Kermadec and Atacama trench regions. The PCR primers used for this analysis were
previously evaluated against metagenomic data to ensure appropriate coverage of the
diversity specific to these habitats.

In agreement with previous studies (Peoples et al., 2019; Vuillemin et al., 2019; Hiraoka et al.,
2020; Hoshino et al., 2020; Kerou et al., 2021), the most abundant clades in our samples were
Nitrososphaeria and Woesearchaeales (Fig. 18). The overall ratio of archaeal to bacterial
sequences was higher in abyssal samples from sites on the oceanward side of the trenches
(Fig. 17), but did not exceed 37.5% of sequences, suggesting that if Archaea dominate
subseafloor environments (Biddle et al., 2006; Lipp et al., 2008; Vuillemin et al., 2019), the

shift in relative abundance happens deeper than 30 cm.

Co-occurrence networks can be used to explore spatial and ecological associations in
complex community datasets (reviewed in Delmas et al., 2019; Espinoza et al., 2020). Here
we conducted a co-occurrence and modularity analysis to identify groups of microorganisms
with possible metabolic interactions.

Distribution of the seven modules identified (Fig. 19B) strongly resembled taxonomic profiles
(Fig. 18) in that both showed patterns linked with sediment depth and habitat (bathyal, abyssal
or hadal sediments). This pattern of community change with sediment depth is commonly
observed in surface sediments and is expected to be linked with early diagenesis and the

succession of terminal electron acceptors used in organic matter remineralization (Durbin and
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Teske, 2011). The rate of remineralization is directly influenced by organic matter input, both
in terms of quantity and lability. This influx in substrate sinking through the water column is
impacted by surface primary productivity, ocean depth and topographic layout. Indeed, hadal
trenches have been shown to accumulate organic matter faster due to funneling effects and
seismic activity resulting in landslides (Oguri et al., 2013; Turnewitsch et al., 2014).

This hadal increase in organic matter input and resulting higher rate of microbial activity has
been assessed by Glud et al. (2021) at the same sites considered in this study through
measurement of oxygen penetration depth. It was measured between 2.6 and 4.1 cm for hadal
sites of the Atacama trench, and at 11.5 for the hadal site of the Kermadec trench considered
here. At open ocean abyssal sites, oxygen penetrated deeper than 20 cm, however at the
abyssal landward site (A9), it was depleted below 6.2 cm.

These thresholds of oxygen penetration and resulting geochemical zones have been shown
to impact overall microbial community composition of these sediments by Schauberger et al.
(2021b). Here we see that they are also reflected in the shift towards dominance of
Woesearchaeales in deeper sediments of hadal sites and landward abyssal site A9 (Fig. 18),
and in the patterns of module distribution at these sites as well.

Interestingly, though two modules were specific to hadal sites, there was no trench-specific
module. Indeed, module distribution profiles were remarkably similar between trenches, in the
hadal axis as well as at the adjacent abyssal sites. This seems to indicate that the signal of
archaeal community structure linked with the distinct environmental conditions encountered in
abyssal and hadal environments is stronger than possible geographic isolation, at least in what
concerns the most abundant ASVs. This limited endemicity of trench communities was also
observed on the total microbial community by Schauberger et al. (2021b), and between the

Mariana and Kermadec trenches by Peoples et al. (2019).
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2. Distribution and modules of Nitrososphaeria

As expected from previous studies (Peoples et al., 2019; Vuillemin et al., 2019; Hiraoka et al.,
2020; Hoshino et al., 2020; Kerou et al., 2021), archaeal communities of the first layers of
sediments from all sites were dominated by Nitrososphaeria. While they stayed prevalent
throughout the horizons sampled from open ocean abyssal sites, their relative abundance
gradually decreased with sediment depth at all other sites (Fig. 18). As stated above, this
pattern matched the oxygen penetration depths assessed by Glud et al. (2021). Given that
most of the Nitrososphaeria ASVs detected in this dataset were assigned to family
Nitrosopumilaceae, considered to be aerobic oxidizers of ammonia (Kénneke et al., 2005;
Walker et al., 2010; Stahl and de la Torre, 2012), this differential abundance is congruent with

an involvement of at least part of the ASVs detected here in nitrification in the oxic zone.

Three of the seven modules identified from our co-occurrence network, modules 1, 2 and 7,
were mostly composed of Nitrososphaeria hodes, with module 7 being specific to the Atacama
bathyal site, module 1 detected in all abyssal sites, and module 2 mostly present in hadal and
open ocean abyssal sites (Fig. 19B).

The abyssal Nitrososphaeria module (module 1) presented both ASVs abundant in surface
horizons and ASVs rising to prominence with increasing sediment depth. This clear distinction
could be due to subgroups of Nitrososphaeria (Sintes et al., 2013; Nunoura et al., 2016),
though further assignment of these subgroups should rely on marker genes such as the amoA
gene (Alves et al., 2018). Interestingly, this module was detected in all abyssal sites, even
when separated by the Atacama trench or high geographic distances, but it was mostly absent
in samples of the hadal sites (Fig. 19B).

Indeed, Nitrososphaeria members shared between hadal and abyssal sites were grouped in
module 2, though they exhibited the same pattern of decrease with sediment depth as some
of the ASVs found in module 1. This clear distinction between “abyssal” and “hadal”

populations could be explained by a number of processes, including selection due to
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environmental conditions specific to the trenches (hydrostatic pressure, type of organic matter

content), or lack of connectivity between deep hadal trenches and surrounding abyssal plains.

3. Putative associations of Woesearchaeales

Woesearchaeales, also referred to as Ca. Woesearchaeota, belong to the DPANN
superphylum, have reduced genomes and are possible episymbionts of other Archaea
(Dombrowski et al., 2019). We investigated the strong correlations involving ASVs assigned
to this lineage in our dataset to assess the possibility of interactions with other Archaea. We
focused on the hadal zone because continental plate sites were single representatives of their
environmental conditions, which could influence the patterns of association.

Unlike a previous study that showed a potential syntrophic relationship between
Woesearchaeales and methanogenic archaea in anoxic inland ecosystems (Liu et al., 2018),
we did not detect a strong signal of specific association here. On the contrary, sub-networks
showed a high diversity of potential archaeal partners for Woesearchaeales.

There was a notable difference in putative partners depending on the module considered,
possibly reflecting different ecological niches and subclades. These putative niches were also
visible in the distribution patterns of these modules in the Atacama trench sites: module 4
showed first an increase in relative abundance between 3 and 10 cm, before decreasing and
almost disappearing in the deepest horizon, which were dominated by module 3 (Fig. 19B).
This pattern could be linked with geochemical zonation. Below the oxic zone, the following
most favorable terminal electron acceptor is nitrate. Nitrate penetration depth has been
estimated between 6 and 8 cm at Atacama hadal sites, and 15 cm at Kermadec hadal site K6
(Schauberger et al., 2021b, supp). However, the vertical resolution of our dataset is not high
enough to be able to observe a close match between distribution pattern and geochemical

profile. In any case, module 3 did not seem affected by the depletion of nitrate in Atacama
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sites (Fig. 19B) and became abundant below its depletion threshold, where onboard
incubations documented active sulfate reduction (Glud et al., 2021).

Woesearchaeales have been shown to be very diverse (Liu et al., 2021) and possibly involved
in diverse biogeochemical cycles: nitrogen cycling in wastewater treatment plants (Liu et al.,
2021), sulfur cycle at hydrothermal vents (Cai et al., 2021) and potentially methanogenesis
through their hypothesized symbiosis with methanogens (Liu et al., 2018). This wide variety
of possible metabolism and thus association is not reflected in the taxonomy assigned to
members of this lineage, limiting the conclusions to be drawn from these results without
functional or experimental data. It has also been observed that Woesearchaeales abundances
in high-altitude lakes is positively correlated with phylogenetic diversity of bacterial
communities (Ortiz-Alvarez and Casamayor, 2016), and that Woesearchaeales tend to
encode for proteins capable of binding and degrading bacterial cell walls (Castelle et al.,
2021), suggesting that subsequent studies of Woesearchaeales metabolic associations
should account for Bacteria.

Overall, these results highlight the ubiquitousness of Woesearchaeales in the anoxic part of
the sediment cores characterized here, and provide spatial and taxonomic targets for further

investigation of their putative associations.
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Conclusion and perspectives

In summary, this study confirmed the domination of hadal and abyssal archaeal communities
by Nitrososphaeria and Woesearchaeales. As reported for the general microbial community
(Schauberger et al., 2021b), distribution of these lineages was tightly linked with both habitat
and sediment depth. Co-occurrence network analysis highlighted the differences between
abyssal and hadal communities, while also showing strong resemblance in module
composition between geographically distant sites of the same habitat, underlining the
environmental influence on community structure.

The abyssal and hadal Nitrososphaeria modules showed patterns of distribution possibly
linked with subclades of AOA that will be investigated further in the next chapter using marker
genes and metagenomic data. Finally, exploration of the strong correlations between
Woesearchaeales ASVs and other Archaea did not show patterns of specific syntrophic
relations, but provided targets for further examination of possible metabolic associations.
Complementary information could be obtained through reconstruction of genomes from
metagenomic data and inference of metabolic dependencies, and experimental visualization
of physical links with CARD-FISH microscopy, for which samples were prepared onboard

alongside the dataset analyzed here.
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Supplementary figures
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Figure S12: Archaeal alpha diversity estimates with Shannon index organized by trench,

zone, and horizon depth.
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depth. Taxonomic assignment was based on SILVA 138.
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Figure S14: Relative abundance of the 50 most abundant nodes of module 1 in abyssal sites
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belonged to class Nitrososphaeria.

206



CHAPTER 3

A1 - bathyal A10 - hadal A2 - hadal A3 - hadal
Bathyal Hadal (Trench axis) Hadal (Trench axis) Hadal (Trench axis)
100 --:: .
75 !_ ' I
50
- I !
0 .-— E—-— (L
A4 - hadal A5 - hadal AB - hadal AT - abyssal
Hadal (Trench axis) Hadal (Trench axis) Hadal (Trench axis) Abyssal (Open ocean)
100
: =N |
575
€
3
| 50
£
w 25
[}
[+
0 !! 7.= — _—
A9 - abyssal K6 - hadal K7 - abyssal c}“ é“ § éS‘(oo Q
Abyssal (Landward) Hadal (Trench axis) Abyssal (Open ocean) ¢ > ' \
100
75 I
50
25
D  ——

S & & & O
5 %\Qo o5 o b%\@@@%@ ,\&h&b%&b&@
N ’\

Horizon

Figure S15: Distribution profiles of the archaeal modules in samples organized by site and
increasing horizon depth. The relative abundance illustrated is based only on the ASVs used

to compute the network.
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Résumé de l'article en francais

Les Thaumarchées (Nitrososphaeria dans la derniere version de la base de données SILVA)
sont les micro-organismes les plus abondants dans les eaux océaniques profondes et les
sédiments oxiques de subsurface. Les Archées capables de réaliser I'oxydation de
'ammoniac (AOA) sont des membres importants de ce groupe qui jouent un réle crucial dans
les cycles biogéochimiques de I'azote et du carbone dans les sédiments benthiques, a
linterface entre écosystémes pélagiques et sédiments profonds. Leur distribution a été
étudiées dans les eaux hadopélagiques et les sédiments abyssaux, mais peu d’informations
sont disponibles sur la connectivité entre populations présentes dans les sédiments de surface
abyssaux et hadaux. Dans ce chapitre nous nous sommes intéressés a la distribution des
genes amoA spécifiques des différents clades d’AOA, extraits a partir de 56 métagénomes
issus de 6 sites des fosses Atacama et Kermadec. En outre, nous avons reconstruit des
génomes partiels (MAGs) affiliés a six de ces clades et une lignée parente énigmatique
n’oxydant probablement pas 'ammoniac. Pour les quatre clades les plus abondants, amoA-
NP-gamma-2.1, gamma-2.2, theta et delta, nous avons mis en avant des profils de variabilité
génomique liés a des différences de niche écologique, pouvant résulter de pressions de
sélection opposées. Les amoA-NP-gamma, caractéristiques des eaux profondes, pourraient
ainsi étre bien adaptées a leur environnement et étre soumise a une sélection purifiante,
tandis que les clades amoA-NP-theta et delta, détectés dans les couches plus profondes de
sédiments abyssaux, pourraient étre sujets a une sélection positive, un scénario possible
d’adaptation aux environnements trés limités en énergie que sont les sédiments de

subsurface.
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Abstract

Thaumarchaeota (Nitrososphaeria in the latest version of the SILVA database) is the most
abundant archaeal lineage in deep ocean waters and oxic subsurface sediments. Ammonia
oxidizing archaea are important members of this group that play a crucial role in the
biogeochemical cycling of nitrogen and carbon in benthic sediments, at the interface between
pelagic and deep sedimentary ecosystems. Though their distribution has been studied in
hadopelagic waters and abyssal sediments, information is lacking on the comparability of
populations between hadal and abyssal surface sediments. Here, we investigated the clade-
level distribution of amoA genes extracted from 56 metagenomes in 6 sites from the Atacama
and Kermadec trench. Additionally, we reconstructed MAGs from 6 AOA clades and an
enigmatic non ammonia oxidizing sister lineage. Focusing on the four most abundant clades,
amoA-NP-gamma-2.1, gamma-2.2, theta and delta, we highlighted different patterns of
genomic variability linked with differences in ecological niche, that could be the result of
opposing selective pressures. Deep-ocean dwelling amoA-NP-gamma populations could be
well adapted to their environment and thus be under purifying selection, while amoA-NP-theta
and delta clades, typical of deeper sediment layers, could be experiencing positive selection

as an adaptive scenario to the energy-limited subsurface environment.
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Introduction

The existence of ammonia oxidizing archaea (AOA) was first evidenced by the isolation of
Nitrosopumilus maritimus SCM1 from a marine tropical fish tank (Kénneke et al., 2005). Since
this discovery, their high abundance has been repeatedly reported in marine environments
where they appear to be crucial contributors to the nitrogen and carbon cycles (Francis et al.,
2005). Similarly to ammonia oxidizing bacteria (AOB), they are capable of
chemolithoautotrophic life by aerobically oxidizing ammonia to nitrite, the first step in the
nitrification process (Hooper et al., 1997; Kénneke et al., 2005).

AOA are found throughout the water column as well as in deep sea sediments, where they
are usually more abundant than AOB, due to their greater affinity for ammonia and possibly
copper (Stahl and de la Torre, 2012; Shafiee et al., 2021). Studies of their distribution in these
environments have shown the presence of distinct clades (Sintes et al., 2013; Alves et al.,
2018), most of them part of order Nitrospumilales (NP), reclassified as family
Nitrosopumilaceae in the most recent version of the SILVA database (v138, Quast et al.,
2013), inherited from the Genome Taxonomy Database (GTDB) efforts to produce a rank-
normalized archaeal taxonomy (Parks et al., 2020; Rinke et al., 2021). They are usually
studied using either 16S rRNA or amoA (ammonia monooxygenase subunit A) as a marker

gene.

Based on the clade definition by Alves et al. (2018) with the amoA marker gene, hadopelagic
waters of North Pacific trench systems are populated by clades amoA-NP-alpha and amoA-
NP-gamma (Nunoura et al., 2016, 2018; Wang et al., 2018; Zhong et al., 2020). The amoA-
NP-gamma clade seems to be omnipresent in oceans, irrespective of water depth, and in fact
Nitrosopumilus maritimus SCML1 falls in this clade. amoA-NP-alpha populations seem most
highly abundant in bathy- and abyssopelagic environments (1000 to 6000 m) (Nunoura et al.,
2016; Zhao et al., 2020; Zhong et al., 2020). Contrastingly, the dominant clades in sediments

of abyssal plains are amoA-NP-theta and amoA-NP-delta (Zhao et al., 2020; Kerou et al.,
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2021), however data is scarce regarding hadal sedimentary clades, especially in settings
allowing for the comparison of their nature and occurrence with those in adjacent abyssal

environments.

All AOA are part of class Nitrososphaeria (proposed classification of phylum Thaumarchaeota
in the GTDB and SILVA 138 databases), though not all Nitrososphaeria can oxidize ammonia
(Aylward and Santoro, 2020). Nitrososphaeria is the most abundant archaeal lineage in
hadopelagic waters and oxic seafloor sediments (Peoples et al., 2018; Vuillemin et al., 2019;
Hiraoka et al., 2020; Hoshino et al., 2020). In the previous chapter, Nitrososphaeria were the
dominant archaeal class detected in the surface sediments of the Atacama and Kermadec
trench, and persisted in deeper horizons of abyssal sites, seemingly linked with a higher
oxygen penetration depth (Glud et al., 2021; Schauberger et al., 2021b). In addition, a co-
occurrence network analysis revealed a segregation of Nitrososphaeria into three sub-
networks (modules) with sediment depth and habitat (hadal or abyssal). In particular, we
identified a distinctly abyssal module, and a “hadal” module composed of all hadal
Nitrososphaeria, with some members also detected at abyssal depth. These two modules thus
highlighted differing module memberships for Nitrososphaeria ASVs present at abyssal depths
and exhibiting a similar decrease in abundance with sediment depth.

However, while metabarcoding data provided a first insight into the distribution of
Nitrososphaeria in these sediments, limitations associated with short barcode sequences
prevented a more thorough study of closely related variant distribution, and did not allow

linking marker genes with the functional repertoire of the associated genomes.

To address these questions, we thus used 56 metagenomes generated from the same DNA
extracts as the metabarcoding dataset to further study the distribution of Nitrososphaeria in
these sediments at higher taxonomic resolution. We first applied a gene-based classification
by extracting amoA gene sequences from metagenome assemblies and characterized the

clade diversity present in these samples. Furthermore, we reconstructed genomes affiliated
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with Nitrososphaeria, and studied the genomic variability of these metagenome-assembled
genomes (MAGs), with the aim of getting insights into the niche separation of these

populations.
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Material & Methods

1. Sampling sites, slicing scheme and DNA extraction

Samples for this study were collected during two cruises to the Atacama and Kermadec
trenches in the South Pacific Ocean, as previously described in chapter 1.4 and chapter 3.
Here, as in chapter 1.4, we considered samples from two sites from the Kermadec trench, one
site in the trench axis (K6, 9555 m) and one site on the adjacent abyssal plain (K7, 6080 m),
and four sites from the Atacama trench, two trench axis sites (A3 and A10, 7915 and 7770 m)
and two abyssal sites (A9, landward, 4050m and A7, oceanward, 5500 m) (Fig. 16).
Triplicate sediment cores were recovered for Atacama sites A3 and A7, and single cores for
the other sites. All cores were sliced into standardized depth layers as follows: 0-1 cm, 1-3
cm, 3-5 cm, 5-10 cm, 10-15 cm and 15-30 cm.

DNA extractions were performed using 10g of sediment from each of these layers, and library
preparation and sequencing were carried out at Génoscope (Evry, France) as described in

the methods for chapter 1.4.

2. Assembly and binning

The quality filtration of the demultiplexed metagenomic raw reads was carried out with lllumina-

Utils python scripts (Eren et al., 2013b) following recommendations by Minoche et al. (2011).

Metagenomes were then split into ten co-assembly groups based on de novo comparison of the

unassembled metagenomes using k-mer counts (Simka, Benoit et al., 2016). Composition of the

co-assembly groups can be found in Table S3. Most of the following steps were performed with

the help of the Snakemake workflows (Kdster and Rahmann, 2012) available with Anvi'o (v7,

Shaiber et al., 2020; Eren et al., 2021).

We co-assembled the samples using Megahit (v 1.1, Li et al., 2015) with preset meta-sensitive

and minimum contig length of 1000 bp. Identification of Open Reading Frames (ORFS) in the
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contigs was run with Prodigal (Hyatt et al.,, 2010) and functional annotation obtained using

KOfamscan (Aramaki et al., 2020) and the COG database (2020 release, Galperin et al., 2021).

After mapping of the short reads on the resulting contigs (Langmead et al., 2009; Danecek et al.,
2021), automatic binning was performed with Concoct (Alneberg et al., 2014), restricting the
number of bins to half the number of predicted bacterial genomes to prevent fragmentation errors.
Archaeal bins were then inspected and refined manually twice using Anvi’o’s interactive interface
(Eren et al., 2015). Completeness and redundancy were estimated by Anvi’'o based on single-
copy core gene collections (Lee, 2019).

Reconstructed MAGs were dereplicated based on pyANI with a minimum alignment fraction of
0.5, and a similarity threshold of 0.95. They were then once again run through the mapping steps

of the workflow to obtain final coverage values.

3. Reference genomes

To add context to our results, we included MAGs from other deep-sea studies to the
phylogenetic placement sections of our analysis. In particular, we downloaded 4 MAGs
reconstructed by Zhong et al. (2020) from the water column of the Mariana Trench (MTAL,
MTA4, MTA5, MTAB) and 9 MAGs reconstructed by Kerou et al. (2021) from marine sediments
at abyssal depths (NPMR_NP_delta_1 to 3, NPMR_NP_theta_1to 5 and NPMR_NP_iota_1).
They were run through the same steps as described above for gene calling and functional

annotation.

4. Phylogenetic placement of amoA reconstructed genes

To identify the clades of ammonia-oxidizing archaea present in our metagenomes and MAGs,
we extracted from our co-assemblies the sequences of genes annotated as ammonia
monooxygenase subunit A (amoA) by KOfam. We dereplicated them using CD-Hit (Fu et al.,
2012) with 100% identity and we also obtained the sequences for this gene from the reference

MAGs detailed above. We used a blastn search against the non redundant NCBI nucleotide
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collection to confirm gene assignment and determine domain-level taxonomy (Zhang et al.,
2000). We then aligned the sequences matching archaeal amoA genes using MAFFT with
default parameters (v7.273, Katoh, 2002) and placed them in the reference tree by Alves et
al. (2018) using EPA-ng (Barbera et al., 2018). We visualized this tree in R (v3.6.1) using
packages ggtree and treeio (Yu et al., 2016; Wang et al., 2020).

We obtained the coverage information for the amoA genes present in our co-assemblies and
visualized it in R with package ggplot2 (v3.3.0, Wickham, 2016), filtering out coverage values

for which detection was below 0.9 (probable non-specific mapping).

5. Taxonomic placement of MAGs

Taxonomic assignment of the MAGs was performed using GTDB-tk classify wf workflow
(Chaumeil et al., 2020) with the GTDB database (Parks et al., 2018, 2020).

We used the marker protein sequence alignment generated by the GTDB-tk align command,
after masking of positions with over 0.5 gap frequency, to reconstruct a maximum likelihood
tree in IQTREE (v2.0.3, Hoang et al., 2018; Minh et al., 2020) under the model WAG with 1000
ultrafast bootstrap replicates.

This method was used to generate a tree containing our MAGSs, the reference MAGs and the
GTDB representative sequences for order Nitrososphaerales (also referred to as
Nitrosopumilales). The tree was rooted by choosing class Korarchaeia as an outgroup. We
applied this approach again to generate a tree of only our MAGs. Given that not all MAGs
reconstructed contained an amoA gene, when possible, amoA clade affiliation of MAGs was

extrapolated from these phylogenomic trees.

6. Single nucleotide and single amino acid variant analyses

During the last mapping of the short reads on the contigs grouped into our MAGs, we
performed single nucleotide variants (SNVs) and single amino acid variants (SAAVS) calling

to investigate genomic variability using the anvi_profile function from Anvi’o, with flags --skip-
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SNV-profiling = false, and --profile-SCVs = true. We then chose representative MAGs based
on their completeness and abundance from each well-distributed amoA clade (theta, delta,
gamma) and used command anvi-gen-variability-profile with engine NT (nucleotide) and AA
(amino acid) to compute tables listing all variable positions in samples where the MAG had a
coverage over 10x. Additionally, we required reported positions to have a coverage above 10x
in every sample considered and a minimum departure from consensus of 0.1 (total number of
reads not matching the consensus divided by the total number of mapped reads).

We then introduced the resulting tables in R to compute additional information on sequence
variability for each representative MAG. We calculated the number of SNVs by kbp in each
sample by dividing the number of identified positions by the total length of the sequences
considered. For each MAG we also obtained the ratio of SAAV to SNV in each sample, and
for each gene. Finally, we linked variable positions and predicted function of the genes to

visualize the variability of genes depending on function.

218



CHAPTER 4

Results and discussion

1. Distribution of AOA clades in abyssal and hadal benthic sediments

In order to better constrain AOA distribution in these abyssal and hadal sediments, we first
used the amoA marker genes retrieved from our metagenome assemblies and placed them in
the reference tree proposed by Alves et al. (2018). In addition, we completed this tree with
amoA sequences extracted from the 13 external abyssal and hadopelagic MAGs from
previous studies (Zhong et al., 2020; Kerou et al., 2021). Out of the 166 sequences extracted
from our co-assemblies based on KOfam functional assignment, 105 matched archaeal
sequences from the NCBI non redundant nucleotide collection, 27 had bacterial matches, and
31 returned inconclusive results. The archaeal sequences matched a number of clades, but
most were related to amoA-NP-gamma, amoA-NP-theta and amoA-NP-delta (Fig. 22) with 14
monophyletic sequences placed on the same amoA-NP-gamma-2.2 node. Two sequences
were placed in the amoA-NP-alpha and amoA-NP-iota clades respectively (Alves et al., 2018;

Kerou et al., 2021).
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Figure 22: Global phylogenetic tree of amoA genes obtained from Alves et al. (2018), with
placement of amoA genes identified from co-assemblies and extracted from reference
MAGs. The shape of the points denotes the origin of the sequence, and the color of the
triangles illustrates the status of the sequence (identified in a MAG of this study or only in

the co-assembly results). Shading highlights amoA clades.
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Members of the amoA-NP-theta, delta and gamma clades dominated the samples as indicated
by their higher coverage (Fig. 23).

amoA-NP-gamma genes were detected in the surface sediments of all sites (Fig. 23), however
we found that they had distinct distribution patterns. For amoA-NP-gamma-2.1, 15 variants
were shared between at least one abyssal and hadal site, and 10 variants were specific to
abyssal sites. We also found several hadal-specific variants, 6 for the amoA-NP-gamma-2.1
clade including the variant dominating the K6 site, and 7 amoA-NP-gamma-2.2 variants.
Additionally, though all sequences matching the amoA-NP-gamma-2.2 clade were placed on
the same node of the reference tree (Fig. 22), they apparently formed two distinct clusters with
very similar sequences (Fig. S16B). The first relatively abundant cluster was shared between
abyssal and hadal samples, and the second one was specific to the hadal zone.

The distinctness of the abundant sequences characteristic of the abyssal and hadal sites,
particularly for clade NP-gamma-2.1, seemed to reflect the distribution patterns of the modules
defined in chapter 3. These modules highlighted a partial split between abyssal and hadal
Nitrososphaeria ASVs exhibiting a similar decrease in abundance with sediment depth. The
results presented here (Fig. 23) show that this split is not explained by the presence of distinct
clades with a similar pattern of abundance, but rather by similar variations in abundance for
distinct abyssal and hadal members of the same clade. This suggests an influence of the
habitat (abyssal versus hadal), that may have distinct contemporary or historical origins
stemming from differences in hydrostatic pressure and organic matter input and quality, or
stronger geographic isolation between the Atacama and the Kermadec trenches than between
abyssal sites.

amoA-NP-gamma clades were the dominant clades detected in the hadopelagic waters of the
Mariana trench (Nunoura et al., 2018; Zhong et al., 2020). Shallow waters are typically
dominated by AOA associated with the cultivated genus Nitrosopumilus, a member of the
amoA-NP-gamma-2.1 clade as well. However, based on phylogenomic placement in the
reference tree, it seemed that benthic hadal members of this clade form a distinct cluster, most

probably due to the very different set of conditions characterizing this environment (Fig. 22).
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amoA-NP-delta and amoA-NP-theta were abyssal clades, and in addition to the influence of
water depth, we also observed distinct distribution patterns with sediment horizons. Members
of the amoA-NP-theta clade increased in coverage with sediment depth and are most likely
adapted to low oxygen environments. This could also explain their absence from hadal sites
where the oxic zone is much shallower and the low oxygen niche could be absent (Glud et al.,
2021). Conversely, members of amoA-NP-gamma-2.1 were more abundant in surface
sediments and decreased with horizon depth, suggesting an adaptation to higher oxygen
levels than their amoA-NP-theta counterparts. amoA-NP-gamma-2.2 genes had higher
coverage at the Atacama sites and exhibited an intriguing distribution pattern in hadal sites of
the Atacama trench, with relatively high coverage in top and bottom sediment layers, and no
detection between 5 and 10 cm. It was found at low coverage in surface horizons of Kermadec
sites (K6 and K7).

These patterns of distribution of the different clades are in agreement with previous studies
that showed that amoA-NP-theta Nitrosopumilaceae dominate deep subsurface AOA
communities, while amoA-NP-gammas tend to be more abundant in the upper sediment layers
than in deeper sediment, and no striking variation is observed for the amoA-NP-delta

(Vuillemin et al., 2019; Zhao et al., 2020; Kerou et al., 2021).

Finally, we also detected two rare clades that were represented by a unique amoA sequence
in the metagenome assemblies, and were restricted to very specific sediment layers: surface
layers of abyssal site A7 for amoA-NP-alpha, and deeper layers of the same site for amoA-
NP-iota (data not shown). amoA-NP-alpha has been detected at high relative abundances in
the deep water column, with a peak in abundance between 2000 and 4000 m (Zhong et al.,
2020). amoA-NP-iota, similarly to NP-theta and delta, is a sediment-dwelling clade (Kerou et

al., 2021).
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Comparing overall coverage values for the archaeal and bacterial amoA sequences extracted

from the co-assemblies, we found that bacterial sequences made up only 5.5% of mapped

reads. Though reconstruction of genes from metagenomes is a less reliable way than gPCR

to assess the relative contribution of ammonia oxidizing bacteria and archaea to

biogeochemical cycles, our results suggest that the benthic sediments considered here are

dominated by AOA (Schleper, 2010; Wang et al., 2017).
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2. Phylogenomic placement and distribution of MAGs affiliated to class

Nitrososphaeria

To further examine distribution of AOA, we conducted contig binning from our co-assemblies
to form metagenome assembled genomes (MAGs). After manual refinement of all bins
affiliated with class Nitrososphaeria, we obtained a total of 53 Nitrososphaeria MAGs. Despite
high sequencing depths, only one of these MAGs was of high quality, with completeness over
90% and redundancy under 5% (Fig. 25, Table S4). 12 other MAGs had completeness over
70% and redundancy under 7%. The remaining MAGs had lower completeness estimates but
always redundancy under 10.53% (Table S4). We identified the amoA gene in 10 of our MAGs
and overall, their repartition in the GTDB tree, as well as that of the reference MAGs, matched
the amoA clade results (Fig. 24). Based on this observation, we inferred clade affiliation for
the MAGs lacking the amoA gene, possibly because of lower completeness. The genome size
of the 13 most complete MAGs varied between 0.98 and 1.4 Mbp, in accordance with previous
reports of marine free-living Nitrososphaeria (Zhang et al., 2019). Mean GC content among
MAGs identified as members of the Nitrosopumilaceae family was 33.4%. MAGs placed in
genus Nitrosopumilus were not closely related to the cultivated or enriched strains, which were
recovered from shallower environments (Kénneke et al., 2005; Mosier et al., 2012; Park et al.,
2012a, 2012b; Bayer et al.,, 2019). MAGs HAS_Bin_00039 and HKT_Bin_00022 also
clustered apart from the representative Nitrosoarchaeum genomes, though they belonged to
the same amoA clade.

10 MAGs from our study clustered together with the NP-delta MAGs reconstructed by Kerou
et al. (2021) and one GTDB representative genome of genus CSP1-1. This representative
genome was reconstructed from an aquifer sediment sample at 5 m depth (Hug et al., 2016b).
Finally, 14 MAGs formed a cluster without any reference GTDB genome, but clustered with all

Kerou et al. (2021) NP-theta MAGs.

224



CHAPTER 4

In addition, we also reconstructed five MAGs with GC content between 43.48 and 46.38%
(Fig. 25, Table S4) that clustered together in the phylogenomic tree (Fig. 25), and were placed
outside of Nitrosopumilaceae in the GTDB reference tree (Fig. 24). They are related to families
UBA141 and UBA57, knowledge of which exclusively relies on genomic data. UBA141 in
particular is based on only one MAG (GenBank accession number DAEN00000000.1),
reconstructed by Parks et al. (2017) from a meta-analysis of database metagenomes. Its
distribution and metabolic potential have thus not been studied and will need further
characterization based on additional data generated in the current study. Members of the
family UBAS57 were reconstructed by Aylward and Santoro (2020) from deep ocean water
samples and described as a sister lineage to AOA with small genomes, a putatively
heterotrophic lifestyle, and lacking the ability to oxidize ammonia. They were also found to be
widely distributed in the ocean. Here, our divergent MAGs also did not possess the amoA
gene but had very low coverage levels indicating low abundance in these abyssal and hadal

sediments (Fig. 25).
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In general, mean coverage of the MAGs in our samples was congruent with those of
corresponding clades defined by amoA genes described in the previous section (Fig. 25). We
observed a relatively high abundance of amoA-NP-delta MAGs in abyssal samples, except for
the deeper samples of site A9. All amoA-NP-theta MAGs exhibited an overall expected pattern
of increasing coverage with sediment depth, though some populations were fairly rare while
others dominated the deep horizons of sites A7 and K7. amoA-NP-gamma-2.1 MAGs were
detected in the surface horizons of all sites and amoA-NP-gamma-2.2 MAGs presented the
same intriguing pattern as amoA genes of a drop in coverage between 5 and 10 cm.

In this study, we used MAG reconstruction with the aim of examining AOA genomic population
structure and distribution (next section) as defined by patterns of nucleotide and amino acid
variants. However, comparative genomics between closely related MAGs with distinct
ecological distribution will be an obvious next step to conduct for the comprehension of

evolutionary processes that have led to such a diversity and fine scale biogeography.
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Figure 25: Mean coverage of Nitrososphaeria MAGs in our samples. Samples are ordered

by site and increasing horizon depth, with the green-colored heatmap illustrating abyssal

samples and the red one hadal samples. The left hand panel depicts the phylogenomic tree

of MAGs generated using GTDB toolkit, with amoA clades colored according to the results

from Fig. 22 and 24. Right hand panels represent the redundancy, completion and GC

content of each MAG. Red diamonds signal the MAGs used later for genomic variation

analysis.

228



CHAPTER 4

3. Sequence variability of AOA MAGs highlights differences in
selective pressure

We focused on 3 MAGs from the amoA-NP-theta, delta and gamma-2.1 clades, and the 2
amoA-NP-gamma-2.2 MAGs to conduct a genomic variation analysis. We chose these MAGs
based on completion and abundance, since we then analyzed genome variation solely in
samples where the mean coverage of the MAG was over 10x.

Single nucleotide variants (SNVs) refer to the positions in assembled contigs where mapping
of short reads highlights a disagreement between the reference nucleotide and the identity of
the corresponding base in mapped reads. These positions are a minority compared to stable
frequencies, and arise because contigs represent a consensus obtained through assembly.
They can illustrate the heterogeneity of a population, inside as well as between metagenomes.
Additionally, single amino acid variants (SAAVs) are defined in a similar way as SNVs except
they consider the amino acid space. As a consequence, the relative abundance of SAAVs
compared to SNVs in a MAG is an indication of the proportion of genetic variants that affect
the amino acid sequences and thus potentially the phenotype of a population. It can thus

provide hints regarding the strength and type of selection applying to a population.

Here, SNV density was highly variable between MAGs and, for a given MAG, between
samples (Fig. 26), but the estimates were comparable to observations from two hydrothermal
vent fields (Anderson et al., 2017). Only positions where the divergence from the consensus
nucleotide or amino acid was over 10%, and coverage of the position in all considered samples
was over 10x were kept. Mean coverage values of MAGs in samples were variable but there
was no clear correlation between coverage and SNV density (Fig. S17).

There was no clear distinction in SNV density depending on clade, however, the pattern of
SAAV to SNV ratio was significantly linked with amoA clade (Kruskal-Wallis rank sum test, p
< 2.2e-16). It was higher for amoA-NP-delta and theta clades, with a mean of 0.31 overall.

Conversely, the mean for the NP-gamma clades was 0.25.
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This result seems to indicate that the amoA-NP-gamma populations characterized here are
affected by purifying selection, where mutations are disfavored because they are deleterious,
and/or that amoA-NP-theta and delta experience positive selection, wherein novel mutations
are favored because they confer a selective advantage (Hedge and Wilson, 2016).

amoA-NP-gamma (16S-NP-alpha) populations have been shown to be less genomically
diverse than other clades in the deep waters of the Mariana and Ogasawara trenches (Wang
et al., 2018). Given that this clade dominates AOA communities of hadopelagic waters
(Nunoura et al., 2016; Zhong et al., 2020), it is probable that the populations found in surface
sediments are at least partly inherited from the water column. Thus, this clade of ammonia
oxidizing archaea could already be well adapted to the environmental conditions found at great
depths in the dark ocean (Nunoura et al., 2018). Conversely, the high ratio of SAAVs to SNVs
for clades amoA-NP-theta and delta could reflect positive selection as an adaptation scenario
to the limited resources available in deep subsurface sediments, since these clades are found
to be abundant in the deeper layers of abyssal sediments. This scenario of positive selection,
associated with gene expansion, has been proposed as a way for Bacteria to adapt to

oligotrophic conditions in the water cooling system of a nuclear research reactor (Props et al.,

2019).
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Figure 26: Violin plots showing the estimation of the number of SNVs by kbp and the ratio of
SAAV to SNV in each sample for 11 MAGs from four different amoA clades.
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Conclusion

In this study, we endeavored to characterize the fine-scale diversity and genomic variability of
Nitrososphaeria, the dominating archaeal lineage in deep sea benthic sediments. We found
that communities were very structured, with a predominance of amoA-NP-gamma clades in
the surface layers, possibly inherited from the deep waters where they are abundant, and
amoA-NP-theta and delta clades in deeper sediments of open ocean abyssal sites, where
oxygen penetrates deeper. We reconstructed 13 good quality MAGs, and 40 additional bins
of varying completeness, among which populations related to the yet understudied family
UBA141, to be further investigated.

The genomic variability of 11 of these MAGs highlighted a pattern of higher ratio of SAAV to
SNV for amoA-NP-theta and delta clades compared to the gamma clades. Coupled with the
fact that amoA gene distribution showed a cluster of amoA-NP-gamma-2.1 sequences shared
between abyssal sites and differing from hadal sequences, these results suggest that these
populations, abundant in deep waters, are adapted to the deep pelagic environments where
they are found, and follow distinct evolutionary pathways possibly involving purifying selection.
Results also suggest positive selection in NP-theta and delta populations that may explain
their differentiation in the severely energy- and nutrient-limited environments of subsurface
sediments. Future steps of this study will focus on exploring the genomic and functional

differences underpinning MAGs differential distribution and distinct variability profiles.
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Supplementary figures

Site A9 Site K6 Site A10
g ||~
H =

amoA genes (NP-gamma-2.1)

.
™

' £ SOSAES CRRASS SERAR
A5 Y RSP ‘&fb“ AR
N Q\'b,,;é?;b YN QQ‘Q‘\ Q'\'b%ig\zj
Horizon amoA genes (NP-gamma-2.1)
B
Site A9 Site A7 Site K7 Site A10 Site A3
~l Coverage
g
g ] 100
?ﬁ'll 50
o
=
n Sequence identit
£] ‘00 Y
o 98
< 96
E 94

R SR SR
SN R N a‘g\@ SRR Q%%éggb

Horizon amoA genes (NP-gamma-2.2)

Figure S16: Heatmaps of coverage and sequence identity for amoA clades NP-gamma-
2.1 (A) and NP-gamma-2.2 (B).

232



CHAPTER 4

1000
°
°
®
7501
°
®e Clad
e & ° ade
® 500- . ° ® NP-delta
g ° '] [ Y ® NP-gamma-2.1
8 o » ¢ ® NP-gamma-2.2
° °. : ‘. ° ® NP-theta
L]
t ° s ® - o
250+ L ’b @ o
ke A R Sl ML
2; Ce ®e ::,'2' .:‘. Y &'{ ® 3...
R A R N ORI
A RAN RS L
10 20 30 40

SNVs / kb

Figure S17: Evolution of the density of SNVs in a MAG with mean coverage of this MAG in
samples. The 11 MAGs considered here are the ones presented in Fig. 26. Data is presented
only for samples in which coverage of the MAG was over 10x.

233



GENERAL DISCUSSION

234



GENERAL DISCUSSION

1. Large-scale ecological study of the deep ocean seafloor in
the age of NGS

1.1. Accessing archaeal diversity with Next Generation Sequencing

The advent of molecular methods for the description of microbial diversity in the environment
opened the door to large-scale explorations of microbial life in deep sea ecosystems. While
metabarcoding gives access to the taxonomic diversity of Bacteria and Archaea in a cost-
effective manner, both in terms of price and computing resources, whole genome sequencing
makes it possible to also characterize the functional diversity of a community. These
approaches have been widely used in studies of the deep ocean seafloor, and have been the
means of discovering a wide array of lineages, particularly in Archaea (e.g. Vetriani et al.,
1999; Huber et al., 2002a; Wang et al., 2005; Durbin and Teske, 2010; Probst et al., 2018;

Farag et al., 2020; Kerou et al., 2021).

In this project, we took advantage of these cultivation-independent methods based on the
sequencing of environmental DNA to study the microbial diversity of seafloor sediments in
abyssal areas and hadal trenches. We also characterized the diversity and distribution of
Archaea in benthic hadal sediments based on metabarcoding data, and on 53 Nitrososphaeria
(Thaumarchaeota) MAGs reconstructed from metagenomes collected from the Kermadec and
Atacama trenches and adjacent abyssal plains. Among these MAGs, four were related to
family UBA141 in the GTDB tree, a probably non ammonia oxidizing lineage defined based
on a single genome obtained from a massive effort of genome reconstruction from database
available metagenomes (Parks et al., 2017). As such, this lineage had not yet been
characterized, either in terms of environmental distribution or metabolic capacities. The
addition of the results of our reconstruction efforts will make it possible to take a closer look at

this enigmatic lineage.
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In order to expand our current knowledge of the DPANN superphylum and Asgardarchaeota,
of particular ecological and evolutionary interest (Spang et al., 2017; Zaremba-Niedzwiedzka
et al., 2017; Dombrowski et al., 2020), 37 additional MAGs from five archaeal phyla were
recovered during this project, and should be the object of further studies as well (Fig. 27).

These results, focused on domain Archaea and encompassing five phyla-level lineages,
highlight the ongoing potential of whole genome sequencing to better unravel both taxonomic

and putative functional diversity in understudied environments.
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Taxonomy legend (outer layers):

Domain: Archaea
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Figure 27: Mean coverage by sample of the 90 archaeal MAGs reconstructed during this
project. Each layer of the cladogram represents a sample, or additionally taxonomic
information for the outside layers. Each leaf of the cladogram is a MAG. MAGs are organized

by taxonomy, which was obtained by placement in the GTDB (Parks et al., 2018).

1.2. Expanding the database of metagenomes to study the global
distribution of Bacteria and Archaea

In addition to their usefulness in accessing new diversity, published metagenomes are
important resources for microbial ecologists to study the occurrence of functional genes or

specific lineages over a wide variety of samples or environments (Delmont et al., 2011). As an
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example, the extensive TARA Oceans dataset, generated from water samples from oceans
around the globe, has been used by Delmont et al. (2019) to study the population genetics of
a SAR11 clade across oceans. By profiling single-amino acid variants, they were able to link
allele frequencies and temperature trends of large-scale ocean currents, as well as quantify
the effects of purifying selection on specific protein sequences of these populations. Pereira
et al. (2019) employed TARA oceans metagenomes to investigate the distribution of archaeal
Marine Group Il (MGII) and were able to link MGII subgroups and gene-coding sequences

through co-occurrence networks to define possible ecological niches for this lineage.

During this doctoral work, | performed the bioinformatic analyses based on a subsample of 56
metagenomes recovered from 6 sampling sites in two hadal trenches and adjacent abyssal
plains. This dataset is destined to be supplemented with 153 additional hadal and abyssal
metagenomes with higher vertical resolution that have been produced and assembled using
the same pipelines. It will hopefully become a useful tool for deep marine studies in expanding

the database of available reference metagenomes.

1.3. A matter of scales

In Chapter 2, we investigated the biogeographic patterns and environmental drivers of the
benthic microbial communities at the transition between the Mediterranean Sea and the
Atlantic Ocean. This study highlighted the importance of spatial scale when exploring
biogeography, with contemporary environmental effects being superseded at inter-regional
scale by the legacies of historical processes. Because of the limited dispersion of benthic
populations, horizontal spatial scale is linked with temporal scale. Additionally, the slow
accumulation rates of sediments in abyssal plains entails long time scales across even

relatively short vertical distance (Jahnke, 1996; Roy et al., 2012; Vuillemin et al., 2020).
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This property of deep sea sediments, concurrently with the possible long-term preservation of
extracellular DNA by adsorption onto the sediment matrix or complexation with organic
compounds, can result in marine subsurface sediments acting as genetic archives (reviewed
in Torti et al., 2015). This conservation of ancient DNA has not been evidenced for Bacteria
and Archaea (Torti et al., 2018). Although such ancient DNA has allowed for the study of some
eukaryotic phyla over thousands of years (Lejzerowicz et al., 2013; De Schepper et al., 2019),
the molecular pilot study presented in Chapter 1.2 suggested a negligible influence of long
term storage at the scale of eukaryotic communities, at least in the superficial layers of
sediment (Brandt et al., 2020). Our results were at the root of the choice of an extraction
method allowing to target both intracellular and extracellular DNA with a limited impact, if any,

on the inventories of contemporary communities.

In addition to spatial and temporal scales, taxonomic scales should also be taken into account.
Because deep sea benthic microbial communities are hitherto sparsely characterized, and
composed of lineages still understudied in terms of taxonomic and functional diversity, many
studies focus on higher taxonomic-level patterns (e.g. Bienhold et al., 2016; Hoshino et al.,
2020), Chapter 2). Co-occurrence networks and biomarker analysis are interesting methods
to detect patterns at the “ecological unit” scale, be it OTU or ASV (e.g. Peoples et al., 2019;
Hiraoka et al., 2020). With the rise of NGS and whole genome sequencing, it is now possible
to focus on single populations, reconstructed or isolated, and study single-nucleotide variants
and non-synonymous mutation patterns to infer fine-scale biogeographic processes and
evolutionary drivers of diversity (Anderson et al., 2017; Delmont et al., 2019; Crits-Christoph
et al., 2020).

To sum up, studying microbial diversity and ecology at multiple spatial, temporal and
taxonomic scales is a challenging endeavor, that is nevertheless essential to obtain a
comprehensive understanding of an ecosystem and has been rendered accessible by the

improvement of sequencing technologies.
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1.4. The importance of a holistic approach for ecosystem
characterization

In addition to the scales discussed above, implementing a holistic approach is another crucial
parameter when conducting large-scale ecological studies (Karsenti et al., 2011).

In benthic sediments, bioturbation and bioirrigation can have an important influence on oxygen
exchanges at the sediment-water interface (Pischedda et al., 2008). Food webs also have
important impacts on biogeochemical cycles such as the carbon cycle (Gooday, 1994;
Schratzberger and Ingels, 2018). For these reasons, the methodological studies presented in
Chapter 1 aimed at defining standardized methods of benthic sediment sampling,
environmental DNA extraction, and bioinformatic processing of the resulting amplicon
datasets, so that the results obtained for each biological compartment could be reliably and
easily combined to investigate ecological processes.

We report in Chapters 2 to 4 a consistent pattern of strong vertical stratification of microbial
communities. This pattern is typical of sedimentary communities and is linked with the cascade
of available electron donors and acceptors (Froelich et al., 1979; Durbin and Teske, 2011;
Schauberger et al., 2021b). This highlights a loop between microbial communities and
geochemistry: on the one hand, available substrate and electron acceptors partly determine
the thriving lineages, while on the other hand, microbial metabolism impacts the rates of
reaction and the chemical gradients. Thus, associating geochemical analyses of benthic
sediments with microbiological studies is central to the formulation of more precise hypotheses
as to ecosystem functioning.

As an example, biogeochemical characterization of hadal sediments through in situ
measurements and lab incubations led to the detection of strikingly high rates of anammox in
hadal sediments of the Atacama trench, correlated with peaks in the abundance of Ca.
Scalindua (Thamdrup et al., in prep). With this insight into nitrogen cycling, future studies could
make use of the available metagenomes to reconstruct the microbial populations involved in

this process.
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2. Molecular approaches to uncover new diversity: limits and
perspectives

2.1. Challenges in linking 16S and metagenomic inventories of
diversity

As stated above, this project relied solely on molecular approaches for the characterization of
deep sea benthic microbial communities. Despite allowing to circumvent the obstacle of the
challenging and time-consuming cultivation of deep-sea lineages, these approaches come
with their own set of challenges.

Chapters 1, 2 and 3 were based on metabarcoding analysis, a widely used technigue in
microbial ecology over the last decades to produce taxonomic inventories of microbial
diversity. The more and more comprehensive results offered by metabarcoding studies have
widely expanded our vision of microbial diversity and allowed large-scale studies of bacterial
and archaeal distribution patterns to infer their abiotic, biotic, and historical drivers.

In recent years however, there has been a shift towards metagenomics for the exploration of
understudied environments, due to the possible characterization of functional diversity it
affords. Unfortunately, the most used marker gene for metabarcoding studies, 16S rRNA, is
often absent from metagenome-assembled genomes because of the difficulty in the de novo
assembly of genes including conserved regions. This makes it challenging to bridge the gap
between genome-scale studies and 16S-based surveys.

One possibility is to use correlations based on distribution patterns, however, reconstructed
MAGs do not often match exactly with a single ASV or OTU. Alternatively, marker genes
extraction from metagenomes is an interesting technique to characterize taxonomy since they
can more easily be linked back to functional diversity.

In Chapter 1.4, the tested single-copy core genes did not yield diversity estimates comparable
to metabarcoding or miTAG results. However, this could be due to the high diversity and low

abundance of the lineages considered. Clade specific marker genes such as the amoA gene
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used in Chapter 4 are also interesting candidates since they can be directly linked to the
functional potential of a community, though they are only applicable to previously
characterized lineages. For example, this clade level characterization based on functional
genes was not applicable to the widespread Woesearchaeales order observed in Chapter 3.

Additionally, recent advances in long-read sequencing technologies (Adewale, 2020; Karst et
al., 2021) could eventually allow overcoming these obstacles, through easier reconstruction
of full-length 16S sequences and higher completion MAGs, effectively linking metabarcoding

and metagenomic based inventories (Jeong et al., 2021).

2.2. Limitations due to lack of completeness in the databases

As explored in Chapter 1.4, lack of sequence representation in databases can lead to biases
in PCR primer design. To alleviate some of this bias and more easily design primers adapted
to the target environment, McNichol et al. (2021) have proposed a workflow to base primer
design on 16S rRNA short sequences extracted from metagenomes (MiTAGS).

In our study, by comparing the results of universal and archaea-specific primer sets with
MIiTAG results, we highlighted some important gaps in the coverage of the archaeal primers
initially planned for the project, not always predictable through in silico analysis. It would thus
be interesting to take advantage of the metagenomes presented here and additional database
metagenomes to delineate a new set of primers more widely applicable to obtain an accurate

diversity coverage.

2.3. Discussions around archaeal taxonomy

As discussed in the introduction, there is yet no standard to name or include reconstructed
genomes in official taxonomy databases (Hugenholtz et al., 2021). Some arguments against

this addition are the errors that could be introduced in databases through the complicated and
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error-prone assembly processes, and the lack of observed metabolic traits. However, single-
cell or long-read sequencing now make it easier to reconstruct near complete genomes
(Fullerton and Moyer, 2016; Arikawa et al., 2021) providing valuable context to new results.
For deep-sea Archaea in particular, culturing efforts are often very challenging (Imachi et al.,
2020; Hu et al., 2021). On the other hand, an important diversity of archaeal genomes is
reconstructed from environmental samples and given putative names (Probst et al., 2018;
Dombrowski et al., 2020; Farag et al., 2021). Without a set of guidelines or standard practices
in naming conventions or phylogenomic relationship reconstruction, it can become challenging
to gather the appropriate data to replace one’s results in a wider context.

In this respect, the efforts of the team behind the Genome Taxonomy Database (GTDB) are
valuable in providing easier access to genomic data and integration of new discoveries (Parks
etal., 2018). In their efforts to advance toward standardizing bacterial and archaeal taxonomy,
they reconstructed a phylogenomic tree from 120 ubiquitous single-copy proteins for Bacteria
and 122 single-copy proteins for Archaea (Parks et al., 2020; Rinke et al., 2021).

Given that the diversity of Archaea has been gradually uncovered since the 1990s, mostly
through molecular approaches, and new lineages are still being described (De Anda et al.,
2021), the phylogenomic organization of the domain is regularly updated (Fig. 5). In the past,
these updates have come with the proposition of new names for a number of lineages, for
example DHVE-5 and 6 became Woesearchaeales and Pacearchaeales (or Ca.
Woesearchaeota and Ca. Pacearchaeota) (partly reviewed in Dombrowski et al., 2019).

The standardization and rank normalization work of Parks et al. and Rinke et al. also led to
their proposing new names for a nhumber of clades, such as the Thaumarchaeota phylum,
reclassified at class level under the name Nitrososphaeria. Though their work is indeed
valuable, the reconstruction of phylogenomic trees is a challenging task, and often the subject
of debates. In addition, renaming such clades as the Thaumarchaeota, that has been well
established since its proposal in 2008 (Brochier-Armanet et al.) and extensively studied in

diverse environments due to the capability of some of its members to aerobically oxidize
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ammonia, will probably lead to some confusion, depending on its degree of adoption by the
scientific community (Sanford et al., 2021).

Indeed, united with the aforementioned challenges in comparing metagenomic results and
16S surveys, this lack of taxonomic reference dataframe can lead to additional difficulties in
comparing new results to previous studies for a given lineage. This problem is already clear
through the lack of congruence between the SILVA v138 release from 2019 and the GTDB
taxonomy it integrated for curation. Indeed, SILVA v138 is currently using Crenarchaeota as
the name for the phylum uniting classes Bathyarchaeia (phylum Bathyarchaeota in v132) and
Nitrososphaeria (phylum Thaumarchaeota in v132), even though Rinke et al. first used this
name as a placeholder and since replaced it with Thermoproteota in the GTDB (Rinke et al.,
2021). In any case, it will be crucial to keep a record of these proposed taxonomy updates for

easy integration of past and future studies.

3. Perspectives for deep sea research

3.1. Importance of experimental evidence to complement molecular

results

The previous discussion of the challenges in molecular ecological studies leads us to highlight
the well-known importance of experimental evidence in support of molecular-based studies,
when realistic. Indeed, molecular approaches are truly valuable in bringing insight into the
structure of understudied and hard-to-reach microbial communities, as well as allowing for
large-scale explorations of ecosystems populated by uncultivated taxa. However, the
hypotheses and considerations they generate need to be supplemented by experimental
evidence. Hopefully, the results presented in this work can be the basis for easier experimental

methods application.

244



GENERAL DISCUSSION

In Chapter 3, we investigated the distribution of Woesearchaeales in the deeper benthic
horizons of hadal sediments and tried to identify putative association targets. No strong pattern
of specific association emerged, but it seemed that Woesearchaeales might form non-specific
associations or metabolic consortia with a diversity of other archaeal lineages. It would be
interesting to backup these observations and hypotheses using CARD-FISH microscopy to
visualize this lineage (Huber et al., 2002a; Wurch et al., 2016; Schwank et al., 2019).

Additionally, single-cell genomics is a promising pathway recently used to infer cultivation
conditions appropriate to the isolation of Nanopusillus acidilobi, an ectosymbiont of Acidilobus
cells (Wurch et al., 2016). Cultivation efforts of deep sea Archaea could thus be aided by

metagenomic results, as seen in other environments (Lugli et al., 2019).

3.2. Establishment of long-term observatories

Finally, the studies presented here, and most recent microbial work in hadal trenches and
abyssal plains, only present a snapshot of the benthic communities and potential ecosystem
functioning. Compared to pelagic and coastal environments such as the Bay of Brest, where
clear seasonal cycles are visible (Fig. 28), deep-sea sediments are expected to be relatively
stable environments. However, deep-sea hydrothermal ecosystems below 1500 m have been
shown to be influenced by tidal rhythms (Cuvelier et al., 2017; Mat et al., 2020).

Additionally, anthropogenic impacts to the environment are the subject of strong interest, both
with the aim of resource exploitation (e.g. deep-sea mining) and for conservation efforts
(Ramirez-Llodra, 2020). In order to assess these longer term rhythms or impacts, the next
step in abyssal and hadal benthic research would be the establishment of long-term
observatories, as is happening in the deep Arctic Ocean at the LTER Observatory
HAUSGARTEN (Soltwedel et al., 2016), and at mid-Atlantic ridge hydrothermal sites with the

EMSO-Azores observatory (Rommevaux et al., 2019).
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These observatories deploy geochemical sensors, cameras and other equipment capable of
recording and transmitting data regularly, with in situ measurements. On the other, biological
studies usually rely on annual cruises for sample collection, due to the technical limitations in
accessing these sites and retrieving samples. Future technological developments might make
it possible to remotely deploy tools for in situ fixation and storage of microbiological samples
to be collected during annual maintenance cruises, or even in situ extraction and sequencing
of environmental DNA. Such revolutionary advances would make it possible to obtain time-
series data from deep-sea benthic ecosystems, and monitor ecosystem functioning and

biogeochemical cycling, exciting integrative perspectives for this field of research.
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Figure 28: Seasonality of the bacterioplankton communities of the Bay of Brest (Lemonnier,
2019). Canonical Correspondence Analysis (CCA) of the bacterial community composition
across the samples and in relation with environmental parameters: chlorophyll a (CHLA),
particulate organic carbon (POC), suspended material (MES), nitrates (NO3), nitrites (NO2),
ammonium (NH4), temperature and cytometric counts of Synechococcus (Syn),
Picoeucaryotes (PICOEC) and Nanoeucaryotes (NANOEC).
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Benthic sediments of the dark ocean below 1000 m represent a vast habitat that plays an
important role in global geochemical cycles through the early remineralization of organic
matter deposited to the seafloor. However, it is expected to harbor low activity microbial
communities, especially benthic sediments of abyssal plains, and has been much more
sparsely described than ecosystems where microbial life is stimulated by fluid flow such as
hydrothermal vents or cold seeps. In this manuscript, we report the first results of a large-scale
survey of microbial communities of the deep ocean seafloor using NGS-based approaches.
Biogeographic study of the transition between Mediterranean Sea and Atlantic Ocean showed
a variation in patterns depending on the spatial scale considered, with the historic influence of
dispersal limitation and drift superseding environmental selection at larger scales (i.e. > 2000
km). Investigating environmental drivers of community structure, we observed a clear depth
threshold between 800 and 1200 meters, consistent with the sharp turn over proposed
between upper and lower bathyal zones (Watling et al., 2013; Costello et al., 2017). Below
this limit, it was proposed that the depth threshold between the lower bathyal zone and abyssal
plains did not represent an ecological delineation (Costello and Breyer, 2017). Here the
sampling scheme did not make it possible to test this hypothesis, but the planned future
addition of new samples to this dataset could bring further insights into the biogeography of
abyssal benthic sediments.

Focusing on archaeal communities of two South Pacific hadal trenches, we found that they
segregated by habitat (abyssal or hadal environment) as well as sediment depth, most
probably reflecting changes in geochemical context and contrasting regimes of organic matter
input, as reported for the overall microbial community (Glud et al., 2021; Schauberger et al.,
2021b).

We complemented this analysis by studying the finer-scale clade-level patterns of distribution
and genomic variability of ammonia oxidizing archaea in hadal and abyssal sediments using

metagenomic data. These results will need to be expanded in the future by identifying possible
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strain diversity and investigating the genes and functions underlying the difference in variability
profiles between clades.

Overall, these results bring new insights into the taxonomic diversity of the understudied deep-
sea benthic microbial communities. They lay the foundations for continued investigation of the
functional diversity and adaptation of hadal sediment archaeal communities. Future steps will
also include integrating the taxonomic and functional diversity results with the abiotic
geochemical context, as well as in the larger biotic framework through combination with

metabarcoding inventories on metazoans and protists.
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Les sédiments benthiques localisés a plus 1000 m de profondeur représentent un vaste
habitat qui joue un rble essentiel dans les cycles géochimiques planétaires car ils sont le siege
des premiéres étapes de la reminéralisation de la matiére organique déposée sur les fonds
marins. Cependant, les communautés microbiennes benthiques montrent plutot de faibles
taux d’activité, particulierement dans les sédiments des plaines abyssales, et ont été
beaucoup moins décrites que les écosystémes ou la vie microbienne est stimulée par des
écoulements de fluides, tels que les cheminées hydrothermales ou les suintements de
méthane. Nous avons présenté dans ce manuscrit de thése les premiers résultats d’'une étude
a grande échelle des communautés microbiennes présentes dans les sédiments des grands
fonds marins, a I'aide d’approches basées sur le séquengage nouvelle génération.

L'étude biogéographique de la transition entre Méditerranée et Atlantique a montré des
variations dans les schémas observés suivant I'échelle spatiale considérée, avec une
influence historique de la limitation de dispersion et de la dérive écologique plus forte que la
sélection environnementale contemporaine sur de longues distances (> 2000 km). Nous
avons par ailleurs mis en lumiére un seuil de profondeur entre 800 et 1200 metres,
correspondant a une transition dans la structure des communautés microbiennes au niveau
du passage de la zone bathyale supérieure a la zone bathyale inférieure (Watling et al., 2013;
Costello etal., 2017). Plus bas, il a été suggéré que la limite de profondeur entre zone bathyale
inférieure et plaines abyssales ne corresponde pas a une délimitation écologique effective
(Costello and Breyer, 2017). Le schéma d’échantillonnage considéré ici n'a pas permis de
tester cette hypothése, mais I'ajout futur de nouveaux échantillons a ce jeu de données
pourrait permettre d’en savoir plus sur la biogéographie des sédiments abyssaux benthiques.
Concernant les communautés archées de deux fosses hadales du Pacifique Sud, nous avons
observé une ségrégation par habitat (environnement abyssal ou hadal) et par profondeur de
sédiment, reflétant probablement I'évolution du contexte géochimique et les régimes

contrastés d’apport en matiére organique caractérisant ces deux environnements, comme
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montré pour la communauté microbienne globale (Glud et al., 2021; Schauberger et al.,
2021b).

Nous avons complété cette analyse par I'’étude a plus haute résolution de la distribution et de
la variabilité génomique des clades d’Archées oxydant 'ammoniac dans ces sédiments, a
l'aide de données métagénomiques. Ces résultats seront complétés a l'avenir par
l'identification de possibles spécificités de souches, de génes ou de fonctions permettant
d’expliquer les différences de profils de variabilité observés pour les différents clades.

Dans I'ensemble, ces résultats apportent de nouvelles connaissances quant a la diversité
taxonomique des communautés microbiennes benthiques des grands fonds marins. lls
permettent de poser de solides fondations qui conduiront a I'analyse approfondie de la
diversité fonctionnelle et des adaptations aux sédiments hadaux des communautés d’archées.
Les prochaines étapes de cette caractérisation nécessiteront une intégration des résultats de
diversité taxonomique et fonctionnelle avec le contexte géochimique abiotique, ainsi que le

contexte biotique plus large a travers I'ajout d’observations sur les métazoaires et les protistes.
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Supplementary material for Chapter 1

1.  Amplicon libraries preparation and sequencing

1.1. 16S-V4V5 rRNA gene amplicon generation

Prokaryotic barcodes were generated using the 515F-Y/926R (Parada et al., 2015) and
517F/958R (Topguoglu et al., 2016) primers, and the Phusion High Fidelity PCR Master Mix
with GC buffer (ThermoFisher Scientific, Waltham, MA, USA). PCR mixtures (25 uL final
volume) contained 2.5 ng or less of DNA template with 0.4 uM concentration of each primer,
3% of DMSO, and 1X Phusion Master Mix. PCR amplifications (98°C for 30 's; 25 cycles of
10sat98°C, 30 s at 53°C, 30 s at 72°C; and 72°C for 10 min) of all samples were carried out
in triplicate in order to smooth the intra-sample variance while obtaining sufficient amounts of
amplicons for lllumina sequencing.

PCR triplicates were pooled and cleaned up using 1X AMPure XP beads (Beckman Coulter,
Brea, CA, USA). Aliquots of purified amplicons were then run on an Agilent Bioanalyzer using
the DNA High Sensitivity LabChip kit (Agilent Technologies, Santa Clara, CA, USA) to check

their lengths and quantified with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA).

1.2.  Amplicon library preparation

One hundred ng of amplicons were directly end-repaired, A-tailed at the 3’end, and ligated to
lllumina compatible adaptors using the NEBNext DNA Modules Products (New England
Biolabs, MA, USA) and NextFlex DNA barcodes (Bioo Scientific Corporation) with a liquid
handler. This was done on a Biomek FX Laboratory Automation Workstation (Beckmann
Coulter Genomics), able to perform up to 96 reactions in parallel. After two consecutive 1x

AMPure XP clean ups, the ligated products were amplified using Kapa Hifi HotStart NGS
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library Amplification kit (Kapa Biosystems, Wilmington, MA), followed by 1x AMPure XP

purification.

1.3. Sequencing library quality control

Libraries were quantified by Quant-iT dsDNA HS assay kits using a Fluoroskan Ascent
microplate fluorometer (ThermoFisher Scientific, Waltham, MA, USA) and then by gPCR with
the KAPA Library Quantification Kit for lllumina Libraries (Kapa Biosystems, Wilmington, MA,
USA) on a MxPro instrument (Agilent Technologies, Santa Clara, CA, USA). Library profiles
were assessed using a high-throughput microfluidic capillary electrophoresis system (LabChip

GX, Perkin Elmer, Waltham, MA, USA).

1.4. Amplicon sequencing procedures

Metabarcoding libraries were characterized by low diversity sequences at the beginning of the
reads, partly due to the presence of the primer sequence used to amplify tags. Low-diversity
libraries can interfere in correct cluster identification, resulting in a drastic loss of data output.
Therefore, loading concentrations of the metabarcoding libraries were normalized to 8-9 pM
(instead of 12—14 pM for standard libraries) and contained a 20% PhiX DNA spike-in (instead
of 1%) in order to minimize the impacts on the run quality. Libraries were sequenced on

HiSeq2500 instruments (lllumina, San Diego, CA, USA) in a 250 bp paired-end mode.

2. Metagenomic libraries preparation and sequencing

2.1. Sequencing library preparation

According to the relatively low DNA quantities extracted, 10 ng or less of genomic DNA were
sonicated and the NEBNext Ultra Il DNA Library prep kit for lllumina was manually applied.
Fragments were end-repaired, 3’-adenylated and NEXTflex DNA barcoded adaptors were

added by using NEBNext Ultra Il DNA Library prep kit for lllumina (New England Biolabs, MA,
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USA). After two consecutive 1x AMPure clean ups, the ligated products were PCR-amplified
with NEBNext® Ultra 1l Q5 Master Mix included in the kit, followed by 0.8x AMPure XP

purification.

2.2. Sequencing library quality control

All libraries were quantified first by Quant-it dsDNA HS using a Fluoroskan Ascent instrument
(ThermoFisher Scientific, Waltham, MA, USA) then by gPCR with the KAPA Library Quantification
Kit for lllumina Libraries (Kapa Biosystems, Wilmington, MA, USA) on an MXPro instrument
(Agilent Technologies, Santa Clara, CA, USA). Library profiles were assessed using a high
throughput microfluidic capillary electrophoresis system (LabChip GX, Perkin EImer, Waltham,

MA).

2.3. Sequencing procedures

Library concentrations were normalized to 10 nM by addition of Tris-Cl 10 mM (pH 8.5) and
applied to cluster generation according to the Illumina Cbot User Guide (Part # 15006165).
Sequencing of libraries was performed according to the Novaseq 6000 System User Guide

(Part # 20023471) in a paired-end mode using a read length of 150 bp.
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Supplementary material for Chapter 2

1. PCR amplification

Prokaryotic barcodes were generated using the 515F-Y (5'- GTGYCAGCMGCCGCGGTAA-
3') and 926R (5'- CCGYCAATTYMTTTRAGTTT-3') primers (Parada et al., 2015), and the
Phusion High Fidelity PCR Master Mix with GC buffer (ThermoFisher Scientific, Waltham, MA,
USA). PCR mixtures (25 pL final volume) contained 2.5 ng or less of DNA template with 0.4 uM
concentration of each primer, 3% of DMSO, and 1X Phusion Master Mix. PCR amplifications
(98°C for 30 s; 25 cycles of 10s at 98°C, 30 s at 53°C, 30s at 72°C; and 72°C for 10 min) of
all samples were carried out in triplicate in order to smooth the intra-sample variance while
obtaining sufficient amounts of amplicons for Illumina sequencing.

PCR triplicates were pooled and cleaned up using 1X AMPure XP beads (Beckman Coulter,
Brea, CA, USA). Aliquots of purified amplicons were then run on an Agilent Bioanalyzer using
the DNA High Sensitivity LabChip kit (Agilent Technologies, Santa Clara, CA, USA) to check

their lengths and quantified with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA).

2. Sequencing

2.1. Amplicon library preparation

One hundred ng of amplicons were directly end-repaired, A-tailed at the 3’end, and ligated to
lllumina compatible adaptors using the NEBNext DNA Modules Products (New England
Biolabs, MA, USA) and NextFlex DNA barcodes (Bioo Scientific Corporation) with a liquid
handler. This was done on a Biomek FX Laboratory Automation Workstation (Beckmann
Coulter Genomics), able to perform up to 96 reactions in parallel. After two consecutive 1x
AMPure XP clean ups, the ligated product were amplified using Kapa Hifi HotStart NGS library

Amplification kit (Kapa Biosystems, Wilmington, MA), followed by 1x AMPure XP purification.
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2.2. Sequencing library quality control

Libraries were quantified by Quant-iT dsDNA HS assay kits using a Fluoroskan Ascent
microplate fluorometer (ThermoFisher Scientific, Waltham, MA, USA) and then by gPCR with
the KAPA Library Quantification Kit for lllumina Libraries (Kapa Biosystems, Wilmington, MA,
USA) on a MxPro instrument (Agilent Technologies, Santa Clara, CA, USA). Library profiles
were assessed using a high-throughput microfluidic capillary electrophoresis system (LabChip

GX, Perkin Elmer, Waltham, MA, USA).

2.3. Sequencing procedures

Metabarcoding libraries were characterized by low diversity sequences at the beginning of the
reads, partly due to the presence of the primer sequence used to amplify tags. Low-diversity
libraries can interfere in correct cluster identification, resulting in a drastic loss of data output.
Therefore, loading concentrations of the metabarcoding libraries were normalized to 8-9 pM
(instead of 12—14 pM for standard libraries) and contained a 20% PhiX DNA spike-in (instead
of 1%) in order to minimize the impacts on the run quality. Libraries were sequenced on

HiSeg2500 instruments (lllumina, San Diego, CA, USA) in a 250 bp paired-end mode.

3. Sediment characterization

3.1. Granulometric distribution

To determine granulometry of the sediments, the samples were processed using a Malvern
Mastersizer 3000 and Hydro LV (Malvern Panalytical Ltd, Malvern, UK). For each sample, a
spatula tip of matter was added to water and submitted to ultrasound treatment for 30 seconds
at 100% of their power to break aggregates. The sample was then agitated for 30 seconds
without ultrasounds in order to stabilize it. Following this, at least 4 granulometric

measurements were performed in water, under a 2000 rpm agitation, with the following
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parameters: Mie theory with a refractive index of 1.52 and absorption of 0.1, and an
obscuration rate between 0.5 and 15%. The result kept was the most repeatable value

obtained. Between each sample, the machine underwent an automatic cleaning process.

3.2. Humidity level and loss on ignition at 550°C

Approximately 2g of sediments were placed into dry and clean crucibles that had been
previously weighed. The filled crucibles were then weighed before and after being placed
overnight in a 100°C oven. Finally they were placed in a 550°C oven for 4 hours and weighed
once more. Based on the weights measured, humidity level and loss on ignition values were

computed.
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Supplementary material for Chapter 4

Table S3: Metagenome information: sequence number and co-assembly groups.

Genoscope code Exploitable Sample name Coassembly
sequence Group
number

CCT_AADQOSDA_4 H5YGCDSXX.12BA193 120425533 HADES_Kermadec_ST6_CT7_S 0-1 HKT
CCT_AAHXOSDA_4 H5YGCDSXX.12BA218 144357422 HADES_Kermadec_ST6_CT7_S 1-3 HKT
CCT_AASOOSDA _1 H7VT7DSXX.12BA198 146627799 HADES_Kermadec_ST6_CT7_S_10-15 HAK
CCT_AAVNOSDA_2_H7VT7DSXX.12BA223 186248267 HADES_Kermadec_ST6_CT7_S_15-30 HAK
CCT_AALSOSDA 1 H7VT7DSXX.12BA243 126433878 HADES_Kermadec_ST6_CT7_S_3-5 HKT
CCT_AAPGOSDA 1 H7VT7DSXX.12BA268 140784408 HADES_Kermadec_ST6_CT7_S_5-10 HKT
CCT_AADROSDA_4 H5YGCDSXX.12BA205 197116916 HADES_Kermadec_ST7_CT5_S_0-1 AK7
CCT_AAHYOSDA_4 _H5YGCDSXX.12BA230 152551333 HADES_Kermadec_ST7_CT5_S_1-3 AK7
CCT_AASPOSDA 1 H7VT7DSXX.12BA210 205401756 HADES_Kermadec_ST7_CT5 S 10-15 | AK7
CCT_AAVOOSDA 2 H7VT7DSXX.12BA235 139257884 HADES_Kermadec_ST7_CT5_S_15-30 AK7
CCT_AALTOSDA 1 H7VT7DSXX.12BA255 132489557 HADES_Kermadec_ST7_CT5_S_3-5 AK7
CCT_AAPHOSDA_1_H7VT7DSXX.12BA280 142603331 HADES_Kermadec_ST7 _CT5_S 5-10 AK7
CCT_AAGLOSDA_4_H5YGCDSXX.12BA217 140624702 S0261_Site 10_CT1_0_1 HAS
CCT_AAKCOSDA_4 _H5YGCDSXX.12BA242 140447751 S0261_Site 10 CT1 1 3 HAS
CCT_AAUPOSDA_2_H7VT7DSXX.12BA222 185040843 S0261_Site 10_CT1_10_15 MD
CCT_AAWPOSDA_2_H7VT7DSXX.12BA247 157159132 S0261_Site 10_CT1_15_30 MD
CCT_AANYOSDA_1 _H7VT7DSXX.12BA267 131243022 S0261_Site 10_CT1_3 5 HAK
CCT_AARLOSDA_1 H7VT7DSXX.12BA197 150800789 So0261_Site 10_CT1_5 10 HAK
CCT_AAGROSDA_4 H5YGCDSXX.12BA229 116086397 So0261_Site3_CT1 0_1 HAS
CCT_AAKIOSDA_4_H5YGCDSXX.12BA254 164417092 So0261 Site3 CT1 1 3 H3T
CCT_AAUVOSDA_2 H7VT7DSXX.12BA234 210676544 So0261_Site 3_CT1_10_15 H3D
CCT_AAWVOSDA_2_H7VT7DSXX.12BA259 210253317 So0261_Site 3_CT1_15_ 30 H3D
CCT_AAOEOSDA_1 H7VT7DSXX.12BA279 172364443 S0261 Site3 CT1 3 5 H3T
CCT_AARROSDA 1_H7VT7DSXX.12BA209 134804636 S0261_Site 3 CT1_5_10 H3D
CCT_AAGSOSDA_4 H5YGCDSXX.12BA241 121290647 So0261_Site 3_CT2 0_1 HAS
CCT_AAKJOSDA 4 H5YGCDSXX.12BA266 163859413 So0261_Site 3_CT2_1_3 H3T
CCT_AAUWOSDA 2 H7VT7DSXX.12BA246 209171901 So0261_Site 3 CT2_10_15 H3D
CCT_AAWWOSDA 2 _H7VT7DSXX.12BA271 190688026 S0261_Site 3_CT2_15 30 H3D
CCT_AAOFOSDA_1 H7VT7DSXX.12BA196 141998402 So0261_Site 3_CT2_3 5 H3T
CCT_AARSOSDA_1 H7VT7DSXX.12BA221 140640390 So0261_Site 3 CT2_5 10 H3D
CCT_AAGTOSDA_4 H5YGCDSXX.12BA253 179320302 S0261_Site 3 CT3 0 1 HAS
CCT_AAKKOSDA_4 H5YGCDSXX.12BA278 124729554 So0261_Site 3_CT3_1_3 H3T
CCT_AAUXOSDA_2_H7VT7DSXX.12BA258 225070322 So0261_Site 3_CT3_10_15 H3D
CCT_AAWXOSDA_2 H7VT7DSXX.12BA283 143495570 S0261_Site 3 CT3 15 30 H3D
CCT_AAOGOSDA_1_H7VT7DSXX.12BA208 140501796 S0261_Site 3_CT3_3_5 H3T
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CCT_AARTOSDA_1_H7VT7DSXX.12BA233 128696046 S0261_Site 3 CT3 5_10 H3D
CCT_AAHDOSDA_4_H5YGCDSXX.12BA265 135359984 S0261_Site 7_CT1_0_1 A7S
CCT_AAKUOSDA_4 _H5YGCDSXX.12BA195 131504517 So0261_Site 7_CT1 1_3 A7S
CCT_AAVHOSDA_2_H7VT7DSXX.12BA270 198248813 So0261_Site 7_CT1_10_15 A7D
S0261_Site 7_CT1_15 30 library failed
CCT_AAOQOSDA 1 H7VT7DSXX.12BA220 150571592 S0261_Site 7_CT1_3_5 A7D
CCT_AASDOSDA_2_H7VT7DSXX.12BA245 203963265 So0261_Site7_CT1_5 10 A7D
CCT_AAHEOSDA_4_ H5YGCDSXX.12BA277 127667716 S0261_Site 7 CT2 0 1 A7S
CCT_AAKVOSDA_4 H5YGCDSXX.12BA207 122196082 S0261_Site 7_CT2_1_3 ATS
So0261_Site 7_CT2_10_15 library failed
S0261 Site 7 CT2_ 15 30 library failed
CCT_AAOROSDA_1_H7VT7DSXX.12BA232 143613871 S0261_Site 7 CT2 3.5 A7D
CCT_AASEOSDA_2 H7VT7DSXX.12BA257 219040563 So0261_Site 7_CT2_5_10 A7D
CCT_AAHFOSDA 4 H5YGCDSXX.12BA194 259670853 S0261_Site 7 CT3 0_1 A7S
CCT_AAKWOSDA_4 H5YGCDSXX.12BA219 149104779 So0261_Site 7_CT3_1_3 A7S
CCT_AAVJOSDA_2_H7VT7DSXX.12BA199 173121549 S0261_Site 7 CT3_10_15 A7D
So0261_Site 7_CT3_15_30 library failed
CCT_AAOSOSDA_1 H7VT7DSXX.12BA244 147362285 So0261_Site 7_CT3 3 5 A7D
CCT_AASFOSDA_1_H7VT7DSXX.12BA269 141603124 S0261_Site 7 CT3 5_10 A7D
CCT_AAHGOSDA_4_H5YGCDSXX.12BA206 131406290 S0261_Site 9_CT1_0_1 A9S
CCT_AAKXOSDA_4 H5YGCDSXX.12BA231 153632844 S0261_Site9_CT1_1_3 A9S
CCT_AAVKOSDA_2_ H7VT7DSXX.12BA211 192971942 So0261_Site 9_CT1 10 15 MD
CCT_AAXKOSDA_2_H7VT7DSXX.12BA236 175179454 S0261_Site 9 CT1_15 30 MD
CCT_AAOTOSDA_1 H7VT7DSXX.12BA256 130767932 S0261_Site 9_CT1_3 5 A9S
CCT_AASGOSDA_1 H7VT7DSXX.12BA281 207971201 S0261_Site 9_CT1_5_10 MD
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Table S4: MAG information :

length, GC content, completion, redundancy, taxonomy

Bins Total Number | N50 GC % comp % red Domain | Phylum Class Order Family Genus amoA
length contigs content gene

AK7_Bin_00007 1197703 125 | 13187 33,94 93,42 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
H3D_Bin_00022 1333722 57 | 39922 32,11 89,47 0 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
H3T_Bin_00024 1311402 127 | 17006 33,4 88,16 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
HKT_Bin_00022 1048028 106 | 14070 34,58 86,84 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
HKT_Bin_00027 1070626 162 8072 33,15 85,53 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A9S_Bin_00005 1138102 129 | 11586 34,7 84,21 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
HAS_Bin_00039 1114140 241 4799 34,42 84,21 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
A7D_Bin_00024 960883 50 | 25507 33,89 78,95 0 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
A7S_Bin_00015 915437 191 5013 31,63 78,95 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
AK7_Bin_00037 1004026 140 8972 33,09 75 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
H3T_Bin_00065 943479 229 4256 33,29 73,68 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00052 907596 109 9868 34,03 71,05 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
H3D_Bin_00109 1396043 255 6088 43,48 71,05 0 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
A7S_Bin_00027 715505 170 4031 31,59 67,11 0 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
HAK_Bin_00079 638897 174 3621 32,36 64,47 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00065 723063 129 6182 33,52 63,16 3,95 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00045 907537 218 4056 43,83 63,16 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
A9S_Bin_00032 852889 178 5036 34,28 63,16 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00057 823154 218 3756 34,74 63,16 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7D_Bin_00064 707323 135 5678 44,17 61,84 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
A7D_Bin_00075 653153 21 | 43385 35,7 60,53 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
A9S_Bin_00033 638039 188 3274 33,9 60,53 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
HKT_Bin_00058 730438 124 6520 32,47 60,53 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00083 2483871 486 5156 33,51 57,89 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00065 773638 166 4992 34,47 57,89 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00081 861529 219 3889 33,97 56,58 7,89 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00056 637572 158 3823 32,71 55,26 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
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HAS_Bin_00099 592642 76 9266 31,93 55,26 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
HKT_Bin_00075 739489 159 5185 32,51 55,26 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
HKT_Bin_00076 758361 186 4233 31,95 53,95 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00092 722766 147 5084 33,94 52,63 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00081 1126597 313 3443 34,14 52,63 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
H3T_Bin_00167 792049 215 3619 32,58 52,63 7,89 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | yes
HAS_Bin_00095 617621 128 4992 32,03 52,63 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | yes
MD_Bin_00050 659104 156 4140 34,03 52,63 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A9S_Bin_00040 632316 160 3961 43,85 51,32 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
H3D_Bin_00215 596262 167 3562 32,66 51,32 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | yes
HAK_Bin_00119 618817 157 4193 32,41 51,32 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00094 575220 27 | 24228 46,38 50 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales no
A7S_Bin_00098 704346 171 4081 33,86 47,37 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A9S_Bin_00058 817430 215 3605 33,13 47,37 10,53 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00110 766999 226 3263 32,95 47,37 10,53 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
AK7_Bin_00091 455968 91 5495 33,08 44,74 0 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00119 809768 235 3278 33,53 39,47 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00118 376681 111 3365 34,33 38,16 1,32 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae yes
MD_Bin_00109 405265 125 3253 33,22 36,84 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00161 764758 211 3632 33,1 35,53 6,58 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7S_Bin_00141 349449 100 3573 34,25 35,53 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00136 775050 206 3652 33,55 35,53 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
AK7_Bin_00137 421231 128 3072 33,24 35,53 5,26 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | no
A7D_Bin_00152 382324 82 5310 34,37 32,89 2,63 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7D_Bin_00162 351894 81 4490 34,28 32,89 3,95 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae no
A7S_Bin_00182 1146398 309 3443 32,42 27,63 9,21 | Archaea | Crenarchaeota | Nitrososphaeria | Nitrososphaerales | Nitrosopumilaceae | Nitrosopumilus | yes
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Résumeé : Les sédiments marins recouvrent environ
65% de la surface terrestre et les microorganismes
qui les peuplent jouent un réle essentiel dans les
cycles biogéochimiques marins. Situés a l'interface
entre les communautés pélagiques et de subsurface,
les Bactéries et Archées benthiques déterminent la
partition entre enfouissement de la matiere organique
et nutriments relargués dans la colonne d’eau.

Comprenant une vaste diversité de microorganismes

et des adaptations fonctionnelles spécifiques, elles

sont encore peu décrites. Dans le cadre du projet

« Pourquoi pas les abysses ? », cette thése s’est

intéressée a la structure et la diversité fonctionnelle

des communautés microbiennes benthiques des
grands fonds.

Dans ce but, nous avons mis en place des méthodes
standardisées d’échantillonnage, d’extraction d’ADN et
d’analyse bioinformatique. A l'aide de données de
métabarcoding 16S, nous avons étudié la
biogéographie des communautés de la transition entre
Méditerranée et Atlantique, et observé une

importante influence de la limitation de dispersion et
de la dérive écologique, de facon longitudinale et
verticale.

Dans les sédiments de surface de deux fosses
hadales du Pacifique Sud, la distribution des classes
d’Archées dominantes, Nitrososphaerie et
Nanoarcheia est influencée par la profondeur et
'horizon sédimentaire, avec plusieurs partenaires
putatifs pour la lignée présumée symbiotique des
Woesearchaeales. A I'aide de données
métagénomiques, nous avons reconstruit 90 MAGs
d’Archées des méme sédiments, dont 53 affiliés aux
Nitrososphaeria dont la variabilit¢é génomique
semblent liée a la niche écologique.

Dans lI'ensemble, les résultats obtenus posent de
solides bases pour la caractérisation de la diversité
fonctionnelle et des adaptations spécifiques des
communautés microbiennes des sédiments marins
profonds.

Exploring the deep ocean seafloor Bacteria and Archaea, from microbial community structure to

comparative genomics

Keywords : microbial ecology, biogeography, benthic sediments, hadal trenches, metagenomics

Abstract : Marine sediments cover around 65% of
the Earth’s surface and microorganisms inhabiting
these environments play an essential role in marine
biogeochemical cycles. Located at the interface
between pelagic and subsurface communities,
benthic Bacteria and Archaea are responsible for the
early diagenesis of sinking organic matter and
determine the partitioning between buried organic
matter and nutrients released in the water column.

Likely encompassing a broad range of unique

biodiversity and functional adaptations, they are still

sparsely described. As part of the “Pourquoi pas les

Abysses ?” project, this thesis endeavored to shed

light on the structure and functional diversity of deep-

sea benthic microbial communities.

To this end, we implemented large-scale
standardized methods of sampling, DNA extraction,
and bioinformatic processing to recover environmental
DNA data. Firstly, using 16S rRNA amplicon
sequencing, we investigated the biogeographic
patterns at the transition between

Mediterranean Sea and Atlantic Ocean, and observed
important influences of dispersal limitation and drift,
both longitudinally and vertically.

In the surface sediments of two South Pacific hadal
trenches, the dominant archaeal classes,
Nitrosophaeria and Nanoarchaeia, were partitioned
following depth zones and sediment horizon, with a
variety of putative partners for the presumed
symbiotic  Woesearchaeales lineage. Using
metagenomic sequencing and analysis on the same
hadal samples, 90 archaeal MAGs were
reconstructed from the corresponding hadal
metagenomes, including 53  affiliated  with
Nitrososphaeria. We studied their clade-level
distribution and showed differing patterns of genomic
variability between ecological niches. Overall, these
results lay the foundations for continued investigation
of the functional diversity and adaptation of deep-sea
sediment microbial communities.
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