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1  |  INTRODUC TION

Over two- thirds of the Earth is covered by oceans, probably shelter-
ing a high level of still poorly studied biodiversity, particularly in the 
deep sea (Costello & Chaudhary, 2017; Costello et al., 2010). Today, 
molecular approaches provide nonintrusive methods to study the 

diversity of marine environments, even those that are hardly accessi-
ble to sampling. The analysis of environmental DNA (eDNA; Taberlet 
et al., 2012) represents a promising path to inventory biodiversity 
and sets the ground for the development of molecular biomoni-
toring protocols (Andruszkiewicz et al., 2017; Apothéloz- Perret- 
Gentil et al., 2017; Bohan et al., 2017; Cordier et al., 2018; Derocles 
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Abstract
Biodiversity inventory of marine systems remains limited due to unbalanced access to 
the three ocean dimensions. The use of environmental DNA (eDNA) for metabarcod-
ing allows fast and effective biodiversity inventory and is forecast as a future biodi-
versity research and biomonitoring tool. However, in poorly understood ecosystems, 
eDNA results remain difficult to interpret due to large gaps in reference databases 
and PCR bias limiting the detection of some major phyla. Here, we aimed to circum-
vent these limitations by avoiding PCR and recollecting larger DNA fragments to im-
prove assignment of detected taxa through phylogenetic reconstruction. We applied 
capture by hybridization (CBH) to enrich DNA from deep- sea sediment samples and 
compared the results with those obtained through an up- to- date metabarcoding PCR- 
based approach (MTB). Originally developed for bacterial communities and targeting 
16S rDNA, the CBH approach was applied to 18S rDNA to improve the detection of 
species forming benthic communities of eukaryotes, with a particular focus on meta-
zoans. The results confirmed the possibility of extending CBH to metazoans with two 
major advantages: (i) CBH revealed a broader spectrum of prokaryotic, eukaryotic, 
and particularly metazoan diversity, and (ii) CBH allowed much more robust phylo-
genetic reconstructions of full- length barcodes with up to 1900 base pairs. This is 
particularly important for taxa whose assignment is hampered by gaps in reference 
databases. This study provides a database and probes to apply 18S CBH to diverse 
marine systems, confirming this promising new tool to improve biodiversity assess-
ments in data- poor ecosystems such as those in the deep sea.
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et al., 2018). Approaches based on eDNA (air, ground, sediment, or 
water, relatively easy to access and sample) target the genetic ma-
terial present in the environment (Bohmann et al., 2014; Thomsen 
& Willerslev, 2015), allowing us to unravel the nature of macro-  and 
micro- organisms present in the surrounding habitats. First devel-
oped for the uncultivable majority that represents the microbial 
world (Xu, 2006), metabarcoding approaches, relying on PCR- based 
amplicon sequence identification combined with high- throughput 
sequencing, were transferred to eukaryotes early on (Creer et al., 
2010; Hajibabaei et al., 2011; Taberlet et al., 2012; Valentini et al., 
2009).

Over the last decade, PCR- based metabarcoding protocols 
have been improved, from sampling up to bioinformatic steps, to 
optimize their resolution and interpretation. Nevertheless, bio-
monitoring and biodiversity inventory using metabarcoding are 
challenging (Miya et al., 2015; Yamamoto et al., 2017) for two main 
reasons. First, this method relies on PCR- based DNA enrichment, 
suffering biases due to unequal amplification across taxa (PCR bias) 
and artefacts (PCR errors prominent to sequence errors), leading 
to biased biodiversity inventories (Acinas et al., 2005; Kanagawa, 
2003; Sefc et al., 2007; Smyth et al., 2010). Second, the evolution 
of high- throughput sequencing technologies available on the mar-
ket led to higher yield but shorter sequencing fragments, limiting 
the use of metabarcoding to short fragments. Such short fragments 
(usually 150 to 450 base pairs) lead to a less reliable assignment 
of sequences to taxa and hamper the use of data produced for 
comprehensive phylogenetic reconstructions. This is particularly 
limiting in ecosystems where biodiversity is poorly described and 
reference databases contain large gaps, for which many unassigned 
sequences can correspond to existing undescribed biodiversity, 
yet teasing them apart from spurious sequences would require 
phylogenetic reconstruction. The limiting factor for taxonomic as-
signment of deep sea organisms is the general lack of sequence ref-
erences in marine systems. Some major groups, such as nematodes, 
which are the most abundant and diverse benthic metazoan taxa, 
can rarely be identified genetically (Dell'Anno et al., 2015; Gambi 
& Danovaro, 2016). Thus, long, high- quality barcode libraries are 
needed to improve taxonomic identification in general, especially 
for poorly known groups.

Theoretically, direct metagenomic sequencing (such as shotgun 
sequencing) could solve these limitations, as these sequences can 
also be reconstructed from eDNA to obtain a comprehensive over-
view of the taxonomic diversity of the studied community, free of 
PCR bias (Porter & Hajibabaei, 2018) and allowing reliable phyloge-
nies based on long fragments. However, the production of metage-
nomes is still extremely costly, leading to a dominance of prokaryotic 
sequences, and the de novo reconstruction of comprehensive metag-
enomes is highly time consuming; differentiating between biologi-
cal differences and sequencing errors is hardly possible and highly 
limited by gaps in reference databases (Ghurye et al., 2016; Quince 
et al., 2017).

As an intermediate, less expensive option, to avoid the two 
main limitations associated with PCR- based metabarcoding, two 

other methods of DNA enrichment are available (Mamanova et al., 
2010; Mertes et al., 2011): the molecular inversion probe (MIP) and 
capture by hybridization (CBH). CBH exists in two variations,”on- 
array capture” on a solid microarray or ”in- solution capture”, which 
takes place within a fluid medium (Gasc et al., 2016). Here, we use 
the latter, which was first described by Gnirke et al. (2009) for 
human exome resequencing, whereby hybrid probes are designed 
to enrich genomic DNA. While the initial cost of this system is 
high, by multiplexing libraries, efficient sequencing of several sam-
ples (up to 96- well plates) has been shown to be highly efficient 
(Meyer & Kircher, 2010). Moreover, a diversity of probes (single- 
stranded sequences of DNA) designed in different locations of 
the target gene regions allows capturing a much wider diversity 
and recovering long fragments, thereby improving taxonomic as-
signment and allowing reasonable phylogenetic reconstruction 
(Denonfoux et al., 2013; Gasc & Peyret, 2018). Furthermore, a low 
concentration DNA template is sufficient, allowing this method to 
be successfully used in low biomass environments (such as air or 
deep- sea biomes) wherein generally lower DNA concentrations 
are obtained, as in deep oligotrophic aquifers (Ranchou- Peyruse 
et al., 2017). It was also used to increase the relative abundance of 
ancient eDNA by up to 9- fold in an analysis of eukaryotes in ma-
rine sediment (Armbrecht et al., 2021). The first test using eDNA 
showed that a 100- fold lower concentration can be detected with 
CBH than with traditional methods (Seeber et al., 2019), while oth-
ers mentioned reduced tractability for DNA with less than 0.1 ng 
of total gDNA (Wilcox et al., 2018). Testing within complex pro-
karyotic communities even allowed the detection of extremely 
rarely represented members (less than 0.0001%) (Gasc & Peyret, 
2018). It has been suggested that the final success of this method 
depends strongly on the probes (Ribière et al., 2016) rather than on 
the initial biomass and DNA concentration.

Improved biodiversity assessments can thus be expected using 
CBH, (i) avoiding PCR steps, yet targeting a broader range of biodi-
versity in a single reaction by using a comprehensive and versatile 
set of probes and (ii) reconstructing long fragments for full barcode 
regions, allowing reliable phylogenetic positioning and reconstruc-
tion. In recent years, this methodology has proven to markedly 
improve microbial diversity inventories with precise taxonomic af-
filiation at the species level (Gasc & Peyret, 2018). CBH was also ap-
plied to recover full- length microbial eukaryotic cDNAs in complex 
environmental samples (Bragalini et al., 2014) and to directly cap-
ture long DNA fragments (Gasc & Peyret, 2017). Additionally, CBH 
using mitochondrial barcodes for inventories of metazoans in bulk 
or ethanol- preserved samples resulted in a highly accurate census 
of species (Gauthier et al., 2020; Shokralla et al., 2016), and similar 
results were obtained when testing the detection of a broad range 
of metazoans, including mammals, from aquatic and sediment eDNA 
samples (Seeber et al., 2019; Wilcox et al., 2018). Additionally, CBH 
represents a promising path for phylogenetic studies, as recently 
shown for butterflies (Kawahara et al., 2018).

With this study, we aimed to assess the potential of 16S and 18S 
rDNA enrichment by CBH coupled with high- throughput sequencing 
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to explore the biodiversity of prokaryotes and eukaryotes, includ-
ing metazoans, in the deep sea (~500– 2800 m depth). We analysed 
eDNA samples extracted from sediment to compare CBH with PCR- 
based metabarcoding for the V4 16S rDNA region and the V1– V2 
18S rDNA region.

2  |  MATERIAL S AND METHODS

2.1  |  Samples

The study included ten sediment samples from different deep- 
sea areas (Appendix S1, Table 1), totaling five stations: four in the 
Atlantic Ocean and one in the Mediterranean Sea (see Figure 1, 
Table 1). Standardized sampling was performed using a Multicorer 
or Pushcorer (both with cores of 20 cm2) and slicing under ster-
ile conditions. For this study, only the first two layers of sediment 
(0– 1 cm and 1– 3 cm) were used for each station. Samples were fro-
zen at – 80°C immediately after recovery and slicing for later extrac-
tion. DNA extraction was performed using ~10 g of substrate with 
the DNeasy PowerSoil Kit (Qiagen) following the manufacturer's 
protocols. Extraction controls were included (empty sampling bags 
conditioned onboard and rinsed with water and manufacturer tubes 
initially filled with sterile water instead of sediment). Final extracts 
were concentrated with three volumes 70% ethanol for precipita-
tion reaction and diluted in molecular grade water.

2.2  |  Hybridization capture approach

2.2.1  |  Design of capture probes and in silico tests

Probes were defined to target 16S and 18S rDNA genes to ensure 
specificity against the targeted genes while allowing the detection 
of sequence variants not yet described in databases by selecting 

degenerate probes (Table 2). Probes targeting specifically eukar-
yotes using 18S rDNA were designed using the same strategy as 
the previously published one for 16S rDNA probes (Gasc & Peyret, 
2018). Briefly, probes were designed using KASpOD (Parisot et al., 
2012) and PhylArray algorithms (Militon et al., 2007) and a custom 
curated database derived from all 18S rDNA sequences from the 
EMBL and similarly built for PhyloPDb development (Jaziri et al., 
2014). Selection of probes distributed over the entire length of 
the gene and their length (31 to 50 bp) allow specific hybridiza-
tion with their target even if mismatches are present. Every k- mer 
of 31-  or 50- mer length was extracted from reference sequences. 
Then, fully overlapping k- mers were clustered at an 88% identity 
to produce a degenerate consensus sequence that takes into ac-
count sequence variability at each position (Parisot et al., 2012). 
Among the combinations derived from each degenerate probe, 
some correspond to sequences not previously included in public 
databases. They should, therefore, allow for the exploration of 
the as yet undescribed fraction of environmental microbial com-
munities. Such strategies anticipate genetic variations and can 
thus detect both already known and still unknown sequences in 
environmental samples (Dugat- Bony et al., 2011). For each set of 
probes, coverage among SSU sequences from the SILVA database 
(release 132; Quast et al., 2013) was predicted by mapping probes 
with BBDuk (k = 13, copy undefined mode, mm = f; http://jgi.doe.
gov/data- and- tools/ bb- tools/). Finally, adaptors containing the T7 
promoters “ATCGCACCAGCGTGT” and “CACTGCGGCTCCTCA” 
were added to the 5’ and 3’ ends of probes, respectively, to enable 
PCR amplification (Ribière et al., 2016). These probes were desig-
nated capture probes.

2.2.2  |  Capture and sequencing

Illumina libraries were constructed from eDNA samples using the 
Nextera XT (for nine samples) or TruSeq (for 1A) Kits (Illumina). 
Biotinylated RNA capture probes were obtained by in vitro tran-
scription following the protocol described by Ribière et al. (2016). 
Hybridization capture, illustrated in Figure 2, was carried out in-
dependently for each sample with 16S and 18S rDNA probes at 
a ratio of 50/50, as described by Gasc and Peyret (2018). In brief, 
500 ng of sequencing library mixed with 2.5 μg of salmon sperm 
DNA was incubated with 500 ng of biotinylated probes in a hybridi-
zation buffer (10 × SSPE, Denhardt's 10× solution, 10 mM EDTA 
and 0.2% SDS) for 24 h at 65°C. After hybridization, the probe/
target heteroduplexes were captured with 500 µg of paramagnetic 
beads coated with streptavidin (Dynabeads M- 280 Streptavidin, 
Invitrogen). Beads were collected using a magnetic stand (Ambion), 
washed once with 500 μl of 1x SSC/0.1% SDS buffer, and then 
three times with 500 μl of 0.1 × SSC/0.1% SDS buffer preheated at 
65°C. The captured DNA fragments were eluted with 50 µl of 0.1 M 
NaOH and transferred to a sterile tube containing 70 µl of 1 M Tris- 
HCl pH 7.5 buffer. Captured libraries were finally PCR- amplified 
with 25 cycles using primers fully complementary to Illumina 

TA B L E  1  Samples, stations and positions displayed in Figure 1. 
Included are the station, depth of sediment from the core (slice), 
seafloor depth, and topographic features. Appendix S1 includes all 
further information on the samples and samplings

Station Nr.
Slice in 
cm

Depth 
in m

Topographic 
feature

1 1A 0– 1 2683.5 Hydrothermal vent

1B 1– 3

2 2A 0– 1 2826 Hydrothermal vent

2B 1– 3

3 3A 0– 1 1325 Seamount

3B 1– 3

4 4A 0– 1 1920 Seamount

4B 1– 3

5 5A 0– 1 554 Seamount

5B 1– 3

http://jgi.doe.gov/data-and-tools/bb-tools/
http://jgi.doe.gov/data-and-tools/bb-tools/
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adapters. To increase the enrichment efficiency, the second round 
of capture was performed from the first- round capture products. 
Captured libraries were then sequenced with two Illumina MiSeq 
2 × 300 bp runs.

2.3  |  PCR- based metabarcoding

Metabarcoding was performed at the National Center of Sequencing 
(Genoscope, Paris, France) following protocols published by Brandt 
et al. (2021). PCR was performed on two barcoding gene regions 
(Table 3) targeting prokaryotes (V4 16S rDNA region) or eukaryotes 
(V1– V2 18S rDNA region). Each 25 µl PCR contained Phusion High- 
Fidelity PCR 2× Master Mix (GC buffer for 18S and HF buffer for 
16SV4; New England Biolabs), each primer at 0.5 µM, and approxi-
mately 10– 20 ng of DNA template and was brought to volume with 
molecular water. The PCR cycling conditions were 98°C for 30 s, fol-
lowed by 30 (for 18S) or 29 (for 16SV4) cycles of 98°C for 10 s, an-
nealing at 50°C for 45 s, 72°C for 60 s, and final elongation at 72°C 
for 10 min. Each library was prepared using triplicate PCR with a 
Kapa Hifi HotStart NGS library amplification kit (Kapa Biosystems), 

and triplicates were pooled for sequencing with HiSeq technology in 
2 × 250 bp reading mode.

2.4  |  Sequencing data processing and analysis

2.4.1  |  Capture

Raw reads were trimmed for Illumina adapters using Trimmomatic (v 
0.38; Bolger et al., 2014) and then quality- filtered with PRINSEQ- lite 
PERL script (min_qual_mean = 25, trim_qual_window = 3, trim_qual_
step = 1, min_len = 60; Schmieder & Edwards, 2011). Trimmed reads 
corresponding to rDNA were extracted using SortMeRNA (v2.1; 
Kopylova et al., 2012) with default parameters. Near- full- length 16S 
and 18S rDNA sequences were reconstructed using EMIRGE soft-
ware (v 0.60; Miller et al., 2011) and the emirge_amplicon.py script. 
This tool allows reference- based assembly of reads while allowing 
the reconstruction of distant variants and avoiding the generation 
of chimeras, despite reports of chimeric sequences in reference 
databases that may lead to assignment issues and a call for "strict 
database prescreening” that “should eliminate this potential prob-
lem”. The database used was SILVA 132 SSURef NR99, including 
fragments with lengths from 1200– 2000 bp. The parameters used 
were join_threshold fixed to 1 and 120 iterations. Only sequences 
longer than 800 bp were kept. Taxonomic affiliation was performed 
using the plugin “feature- classifier sklearn classifier” from QIIME2 
(v. 2019.1; Bokulich et al., 2018; Bolyen et al., 2019) and the full- 
length SILVA 132 database, with the p- confidence set to 0.7. This 
type of analysis is further referred to as CBH- long.

Additionally, Kraken2- based analysis (Wood et al., 2019; Wood 
& Salzberg, 2014) was performed starting from paired reads to eval-
uate all captured diversity (without gene reconstruction), as too low 
coverage of some taxa could hinder the possibility of reconstructing 
longer sequences and thus cause the lack of these taxa in the final 
data set. The database used was the prepackaged SILVA database 
provided by Kraken2. We tested the confidential score from 0.0 to 
1.0 with 0.1 steps. For the final analyses, a score of 0.7 was retained, 
ensuring good specificity of taxonomic affiliation. This is in line with 
a previous report that values from 0.6 up to 0.7 indicated the best 
results for sensitivity and precision (Wood & Salzberg, 2014). Data 
related to these analyses are further mentioned as CBH- short.

2.4.2  |  PCR- based metabarcoding

The bioinformatic pipeline applied is described in Brandt et al. 
(2021). Primers and leftover adapters were removed with the pro-
gram Cudadapt (Martin, 2011). The basic pipeline was then based 
on DADA2 using stringed error correction (Callahan et al., 2016), 
including fragment size selection with an expected length of 300– 
500 bp for both 16SV4 and 18SV1V2, followed by a chimera removal 
step. Sequences were then clustered into operational taxonomic 
units (OTUs) using the program swarm2 (Mahé et al., 2015). As in the 

F I G U R E  1  Map showing the five stations used for sampling 
in this study, with hydrothermal vents at stations 1 and 2 as well 
as seamounts at the others. The information for the stations and 
samples is presented in Table 1
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initial pipeline (Brandt et al., 2021), we used an iterative local thresh-
old (d) of 1 for 16SV4, whereas we increased it to d = 3 for 18SV1V2, 
as the low number of samples in this experiment did not allow the 
rational use of the postclustering curation algorithm Lulu (Frøslev 
et al., 2017). The ribosomal sequences were taxonomically assigned 
against the Silva database (release 132; Pruesse et al., 2007) with 
the MegaBlast algorithm (using a query coverage per subject of 80 
and the best hit chosen by identity with a minimum of 70; Camacho 
et al., 2009).

A decontamination step was applied after clustering, using ex-
traction and PCR negative controls using decontam (Davis et al., 
2018), by the prevalence method with a threshold of 0.8. Finally, 
all OTU counts were adjusted using an R- based abundance renor-
malization procedure (Wangensteen et al., 2018) to renormalize po-
tential tag switches during library preparations (Schnell et al., 2015).

2.5  |  Formatting data and statistics

Although the same reference databases were used, the taxonomic 
lineage descriptions are not harmonized for all entries, and descrip-
tions such as phylum and class can differ between entries for the 
same taxon. Therefore, each individual identified was assigned to 
its taxonomic ID lineage based on the NCBI taxonomy database 
(Sayers et al., 2020) to compare the same taxonomic levels among 
and within methods.

Statistical test were performed with R (R version 3.4.4). To 
compare relative abundance data, the count of sequences was 
standardized to the total number of reads per sample (decostand 
function, divide by the margin total). Similarity analyses were per-
formed through a pairwise Mantel test based on the Bray- Curtis 
beta- diversity metric using vegan (Oksanen et al., 2008) for both 

Name Sequence 3'−5’

16S_1 CCAGACTCCTACGGGAGGCAGCAGTGGGGAA

16S_2 AAACTCCTACGGGAGGCAGCAGTGGGGAATCT

16S_3 CRAACSGGATTAGATACCCSGGTAGTCC

16S_4 AACAGGATTAGATACCCTGGTAGTCCACGCC

16S_5 GGGAGCAAACAGGATTAGATACCCTGGTAGT

16S_6 AACAGGATTAGATACCYTGGYAGTCCACGC

16S_7 AACAGGATWAGATACCCKGGYAGTCCAYRC

16S_8 ACTCAAAGGAATTGACGGGGGCCCGCACAAG

16S_9 CACAAGCGGTGGAGCATGTGGTTTAATTCGA

16S_10 CGCAAGDRTGAAACTTAAAGGAATTGGCGGGGGAGCAC

16S_11 GTTGGGTTAAGTCCCGCAACGAGCGCAACCC

16S_12 GAGAGGWGGTGCATGGCCGYCGYCAGYTCGT

16S_13 CATGGTTGTCGTCAGCTCGTGTCGTGAGATG

16S_14 TGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCSS

16S_15 TCGTCAGCTCGTGTYGTGAGRTGTTSGGTTAAGTCC

18S_1 AGGGCAAGTCTGGTGCCAGCAGCCGCGGTAA

18S_2 TCTGGTGCCAGCAGCCGCGGTAATTCCAGCT

18S_3 TGCCAGCAGCCGCGGTAATTCCAGCTCCAAT

18S_4 CGCGGTAATTCCAGCTCCAATAGCGTATATT

18S_5 GAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGT

18S_6 GTCCCTGCCCTTTGTACACACCGCCCGTCGC

18S_7 GATTACGTCCCTGCCCTTTGTACACACCGCC

18S_8 TTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTA

18S_9 GAGCCTGCGGCTTAATTTGACTCAACACGGG

18S_10 AAGGAATTGACGGAAGGGCACCACCAGGAGT

18S_11 GGAAGGGCACCACCAGGAGTGGAGCCTCGGCTTAATTTGACTCAACACGG

18S_12 TGGTGGTGCATGGCCGTTCTTAGTTGGTGGA

18S_13 TGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCT

18S_14 GCAATAACAGGTCTGTGATGCCCTTAGATGT

18S_15 AAACTTAAAGGAATTGACGGAAGGGCACCAC

18S_16 GGGGGAGTATGGTCGCAAGGCTGAAACTTAA

18S_17 GTATGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCA

TA B L E  2  Probes used in this study; 
the 16S probe was designed by Gasc and 
Peyret (2018), and the 18S probe was 
designed in this study



628  |    GÜNTHER ET al.

prokaryotic (16S) and metazoan (18S) communities. The homogene-
ity of sample dispersion was analysed using the betadisper function 
(distances to centroid) and tested for significance using analysis of 
variance (ANOVA).

3  |  RESULTS

3.1  |  Probes for CBH

In addition to the 15 16S rDNA probes available, 17 explorative 
probes targeting 18S rDNA were designed to recover a broad range 
of eukaryotes, with a special emphasis on metazoans. Probe positions 

within 16S and 18S rDNA genes are visualized in Appendix S2. The 
coverage of the two sets of probes, determined in silico, reached 
99.99% for 16S rDNA and 99.98% for 18S rDNA of the 369,953 and 
55,145 targeted taxa present in the SILVA SSU NR99 (version 132; 
see Appendix S3), indicating a high potential sensitivity of probes for 
the recovery of prokaryotic and eukaryotic diversity.

3.2  |  Sequencing output and fragment length

CBH resulted in 2,231,139 to 12,799,906 reads per sample. After 
the first filtering and trimming steps, approximately 7 to 34% were 
identified as rDNA (general sequencing output given in Appendix 

F I G U R E  2  Illustration of the capture 
by hybridization (CBH) approach applied 
in this study

TA B L E  3  Primers used for PCR enrichment. The barcode region, amplicon length, sequence, and first publication reference are included

Name Direction Region A. size bp Primer sequence 5´−3´ Reference

SSUF04 Forward 18S V1- V2 356 GCTTGTCTCAAAGATTAAGCC (Blaxter et al., 1998)

SSURmod Reverse 18S V1- V2 CCTGCTGCCTTCCTTRGA (Sinniger et al., 2016)

515F- Y Forward 16S V4 411 GTGYCAGCMGCCGCGGTAA (Parada et al., 2016)

926R Reverse 16S V4 CCGYCAATTYMTTTRAGTTT (Parada et al., 2016)
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S4). For PCR- based metabarcoding (MTB), a total of 288,094 to 
1,278,400 sequences were obtained per sample, yielding 2231 to 
4133 OTUs for 16SV4 and 770 to 2169 for 18SV1V2 per sample. 
The CBH data were analysed by two different pipelines, first direct 
use of the short fragments (hereafter referred to as CBH- short) with 
Kraken 2, using the unaligned reads with a mean length of 200 to 
289 bp, which was shorter than the fragments of up to 450 bp ob-
tained with PCR- based metabarcoding. Second, EMIRGE was used 
to reconstruct “full barcodes” (hereafter named CBH- long) allowed 
the reconstruction of fragments of on average 731 near- full length 
markers per sample, reaching up to 1200 to 1450 bp for archaea, 
up to 1600 bp for bacteria and 1200 to 1900 bp for eukaryotes 
(Figure 3).

3.3  |  Comparing general diversity

As expected, the taxonomic assignment led to different outcomes 
depending on the analyses, as PCR- based metabarcoding results 
were presented as OTUs, CBH- long results as reconstructed se-
quences, and CHB- short results as grouped (not clustered) se-
quences for the same taxa. Interestingly, the detection trends of 
taxa and phyla among the methods varied across the three analysed 
kingdoms, Archaea, Bacteria and Eukaryota (synoptic visualization in 
Figure 4, samplewise data listed in Appendix S5).

In the case of Archaea CHB- long, a slightly higher number of taxa 
was revealed than with CBH- short or MTB, but with one missing 
phylum (DPANN group). Most of this difference came from the Tack 
group, with 419 taxa identified by CBH- short, 869 taxa identified 
using long sequences and only 166 taxa identified with MTB. For 
bacteria, CBH shows generally higher diversity detection; CBH- 
short detected most phyla, with 18 and 11 using CBH- long and 
12 with MTB. Some rare phyla were only detected by CBH- long 
or MTB, but all were detected by CBH- short. Additionally, over 
1200 more taxa were revealed via full- length barcodes than with 
OTUs by MTB. More importantly was the difference in the displayed 
diversity itself; over 50% of bacteria identified with CBH belonged 
to Proteobacteria (3588 taxa with CBH- long; 10,520 taxa with 

CBH- short), and only 25% (1228 taxa) belonged to Proteobacteria 
with MTB.

In contrast, using CBH (short and long) for eukaryotes showed 
opposite trends. Here, most detections of phyla and other taxa were 
obtained by MTB. Overall, less than 2% of the reconstructed frag-
ments (n =267) were identified compared to those with MTB (OTU 
n = 13,794), and only six out of 18 phyla were identified, whereas 
CBH- short still detected 14 phyla (n = 4571). However, these newly 
designed 18S probes mostly focused on metazoans, as part of 
Opisthokonta; here, CBH showed a relatively higher percentage of 
detections. With a total of 2527 taxa identified using MTB, 2089 
were CBH- short, and 181 were full- length sequences. Finally, the 
overall identification and displayed biodiversity varied in the amount 
and abundance of phyla, depending on the kingdom/gene region as 
well as the analytical method.

3.4  |  CBH for metazoans

The identification of taxa regarding their phyla in the NCBI taxonomy 
is presented in Figure 5. As expected, generally higher diversity was 
detected by CBH- short (Kraken2), with 21 phyla, compared to 16 
with MTB. Some groups, Acanthocephala, Cycliophora, Entoprocta, 
Gnathostomulida, Micrognathozoa, and Nematomorpha, were only 
detected with CBH, while only one group was specifically detected 
by PCR- based metabarcoding (Ctenophora). The greatest differ-
ence was in the number of detected nematodes, with 1074 (MTB) 
to 82 (CBH- short) taxa. Analysing sample- specific results showed 
in more detail the differences but also similarities of the different 
methods (Figures 6 and 7). As an example, CBH- short showed an 
overwhelming number of reads for detected sponges and in sam-
ple 1A, with 20 taxa identified within all four lineages of Porifera, 
Calcarea, Demospongiae, Hexactinellida, and Homoscleromorpha. A 
total of 638,602 (over 97% of all metazoan sequences in this sample) 
sequences belonging to Demospongiae were detected, represent-
ing 16 different families. Within this sample, 29 different sequences 
of Demospongiae were reconstructed (CBH- long). Additionally, for 
the MTB, over 87% of the metazoan sequences identified in this 

F I G U R E  3  Query length of identified 
sequences with the CBH analysed 
using the EMIRGE pipeline (CBH- long). 
Metabarcoding of the same genes ranked 
between 313– 411 base pairs (bp)
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particular sample were Porifera, but only one large cluster (OTU) of 
Demospongiae and two small calcares were detected. At the species 
level, 12 demospongies were identified with CBH- long, where one 
overlap with the MTB approach detected species at the genus level.

3.5  |  Statistical analyses comparing CBH with MTB

The ten samples chosen for this comparative study were collected at 
five different sites, including two different ecosystems, seamounts (in 

the Atlantic Ocean and the Mediterranean) and hydrothermal vents 
(inactive site, characteristic of deep bathyal sediment systems), to test 
different biological communities. Based on multidimensional analysis 
of Bray- Curtis (based on the number of sequences) distances, both 
gene regions showed significantly heterogeneous dispersions among 
methods (betadisper, tested with ANOVA and methods as group-
ing factors, for 16S, sum of squares = 0.0078647, F- value = 4.4288, 
and p- value = .02171; for 18S, sum of squares = 0.38879, F- value = 
6.1449, p- value = .006319). This reflects the different levels of het-
erogeneity in communities revealed by each method.

F I G U R E  4  Comparison of high- 
level taxonomy of all 10 samples using 
metabarcoding versus CBH with two 
distinct pipelines: CBH- long (EMIRGE) 
and CBH- short (Kraken2). “N” indicates 
the number of identified taxa, and “P” 
the number of phyla, while phyla with 
less than 2% occurrence were counted 
together as “Others”

F I G U R E  5  Phylogenetic tree based on 
NCBI taxonomy, created by iTol. Indicated 
are the counted taxa per phylum, while 
metabarcoding is indicated with dark blue 
and CBH- short with light blue
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F I G U R E  6  Samplewise detection with 18S analyses from CBH- short and metabarcoding for all detected metazoan phyla. The upper 
graph shows the percentage of detected taxa per phylum, and the lower shows the percentage of reads per phylum
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For prokaryotes, the Mantel test showed that the results of all 
three analyses were significantly correlated (Table 4), yet all samples 
characterized with MTB clustered separately from those character-
ized with CBH- short and CBH- long (Figure 8a), suggesting that the 
methods were the dominant driver of differentiation. For metazoan 
detections based on 18SV1- V2, a significant correlation emerged 
between MTB and CBH short, and the relationship between MTB 
and CBH long was nearly significant, while no correlation was estab-
lished with the Mantel test between the two CBH methods. The re-
sults seem to show a grouping of CBH long on the second axis (with 
the first axis illustrating well the dispersion among samples for this 
method), while the opposite was true for MTB (Figure 8b).

4  |  DISCUSSION

Deep- sea biodiversity assessments are one of the major gaps in 
marine ecology and evolution and are strongly needed for interna-
tional policy and management (Costa et al., 2020). Metagenomics 
(MTG) allows high- resolution inventories relying on strong phyloge-
netic reconstructions but is still too expensive and time consuming, 
as well as biased toward prokaryotes that represent most biomass 
in sediment samples (Danovaro et al., 2014). Although PCR- based 
metabarcoding (MTB) is relatively fast and less expensive, it suffers 
biases and limited resolution to the species level due to gaps in ref-
erence databases and highly conserved regions with low variability 
(von Ammon et al., 2018; Machida & Knowlton, 2012; Wangensteen 
et al., 2018).

In this study, we show that capture by hybridization (CBH) can 
offer a good balance between MTG and MTB, allowing the detection 
of a broader spectrum of phyla than MTB, and the reconstruction of 
full- length barcodes of up to 2000 bp allows the potential for robust 
phylogenetic reconstruction to improve the resolution of taxonomic 
assignments of poorly studied taxa (Wilson et al., 2018).

The approach applied here, initially developed for prokaryotes 
by Gasc and Peyret (2018), confirms that CBH can be adapted to 
describe bacterial communities in the marine realm. Furthermore, 
the first assay of transfer of this methodology to deep- sea metazoan 

communities proved successful, with five more phyla (upon 16) de-
tected with CBH than MTB. This is in line with other recent CBH 
studies targeting more restrictive sets of metazoan phyla from bulk 
DNA, their conservative ethanol or eDNA samples (here bulk, fresh-
water and sediment; Gauthier et al., 2020; Giebner et al., 2020; 
Shokralla et al., 2016; Wilcox et al., 2018). All of these studies also 
demonstrated the ability of CBH to overcome biases due to PCR 
steps in MTB and enhance detection rates, leading to a more reliable 
representation of not only the species present in the samples but 
sometimes also of their relative biomasses, highlighting possibilities 
for quantitative analyses. Here, CBH results confirmed the improve-
ment of biodiversity inventories allowed by direct taxonomic identi-
fication using Kraken2, which is based on exact k- mer matches and 
clustering of detected taxa to the lowest common ancestor (Wood 
& Salzberg, 2014). The sequence reads included different fragments 
within the 18S gene and were not merged. One must thus keep in 
mind this may contribute to a larger amount of taxa detected with 
CBH than with MTB, where sequences are merged pairwise, filtered, 
clustered and are all from identical positions, yet this clearly does 
not explain the broadest spectra of diversity with five (>30%) more 
phyla detected with CBH than MTB.

The second aim of this study was the reconstruction of full 
barcodes to detect a broader spectrum of diversity and to enable 
robust phylogenetic reconstruction with long sequences. This has 
been proven feasible. An example of successful reconstruction of 
long fragments and increased resolution is the case of Porifera taxa 
in sample 1A. While MTB detected only 3 taxa, 20 identifications 
assigned to distinct taxa were recorded with CBH- short, resulting in 
29 long sequences with CBH- long, assigned to 12 clearly identified 
species. The different hypervariable regions of 18S used for MTB 
vary in their resolution for the different phyla and nucleotide posi-
tions (Machida & Knowlton, 2012); using a full barcode thus clearly 
improves the number and quality of detected taxa, as exemplified in 
sample 1A for Porifera. The full 18S should thus be targeted to obtain 
the best out of the two objectives of CBH: (i) increase the breadth 
of phyla detected and improve their taxonomic identification, and 
(ii) enable several robust phylogenetic and phylogeographic ap-
proaches to describe and unravel the biodiversity of deep- sea com-
munities. In addition, focusing on longer fragments will limit sources 
of “contamination” and focus on contemporary communities by lim-
iting the contribution of extracellular DNA from marine sediments 
(Torti et al., 2015).

4.1  |  Perspectives on improvement

Taking full advantage of the potential of CBH will require several 
important improvements to focus on biodiversity inventories based 
on long and resolutive fragments: adapting sequencing depth and 
testing of de novo DNA reconstruction.

In fact, the reconstruction was done here by mapping sequences 
to the existing SILVA databases using the program EMIRGE (Miller 
et al., 2011). This program developed for 16S has been shown to be 

F I G U R E  7  Numbers of taxa per sample using CBH- long
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extremely efficient, with 2224 full barcodes reconstructed, leading 
to 6132 detections in 10 samples. Theoretically, a similar result could 
be expected for eukaryotic 18S, yet the numbers of identifications 
with EMIRGE were less than 6% compared to those with short CBH 
with Kraken2. To exclude the possibility that EMIRGE is not suffi-
cient for 18S reconstruction, we also tested the program MAFFT for 
reconstruction (Katoh et al., 2002), which was also shown to be suit-
able, with similar results (data not presented). As sequencing depth 
has an effect on the coverage of targeted sequences and influences 
gene reconstruction (Pericard et al., 2018), we suggest that a much 
greater sequencing depth than that used in this first assay will be 
required to improve the reconstruction of long fragments based on 
CBH. For eDNA analysis in general, high sequencing depth is crucial 
(Singer et al., 2019) and will allow de novo assembly instead of map-
ping algorithms, improving species identification (Deiner et al., 2017) 
and the detection of taxa or groups absent from the reference data 
set. In this first study, both gene regions were pooled for sequenc-
ing, and the results suggest (i) that the 16S probes were more effi-
cient than the newly designed 18S probes in uncovering community 
richness, (ii) the dominance of prokaryotic biomass was reflected, or 
(iii) the method suffered from both limitations. The unbalanced bio-
mass could be fixed by sequencing libraries from each rDNA sepa-
rately. However, most bacterial diversity may be revealed with lower 
sequencing depth for these unicellular organisms, while the higher 
variations in body size and of the number of rDNA 18S copies among 
metazoans may result in a more uneven distribution of the number 
of fragments among taxa. In any case, a higher sequencing depth 
will be needed to unravel the diversity of the communities they 
form through full barcode reconstruction. Setting a generic number 

of sequences would not be realistic because the optimal number 
strongly depends on the diversity and biomass of the standing stock 
in the sediment. When studying new areas, pilot metabarcode stud-
ies may help tune the sequencing depth, allowing the optimal inven-
tory of full- length metabarcodes in the studied ecosystems.

We tested here for the first time a new set of DNA probes that 
proved useful and efficient, yet the method still needs improvement 
to capture several taxa, such as nematodes and some other meio-
fauna taxa with low levels of detection. In fact, meiofauna of deep- 
sea sediments are generally dominated by nematodes and copepods 
in terms of biomass, abundance, and species richness (Zeppilli et al., 
2018). Neither CBH nor MTB consistently reflects this, suggesting 
that not only sequencing depth but also the versatility of the set of 
probes needs to be enhanced.

Finally, the huge gaps in knowledge of marine biodiversity, mag-
nified in the deep sea, result in a paucity of deep- sea sequences 
in nucleotide reference databases (Sinniger et al., 2016), inhibiting 
the efficiency of reference- based bioinformatic reconstructions 
(Mendoza et al., 2014). This probably explains the very uneven re-
construction success across the phyla observed, with rather good 
results for Porifera, Annelida, and some Arthropods, while for other 
phyla such as Deuterostomia, Mollusca, Nematoda, Cnidaria, and 
Platyhelminthes, no reconstruction could be obtained despite nu-
merous identified sequences.

4.2  |  Cost factor

One of the reasons for developing PCR- based metabarcoding as a fu-
ture biomonitoring tool is the decreased costs (both in terms of time 
and money) compared to full metagenome reconstruction through 
shotgun sequencing or classical morphological approaches. Based 
on recent calculations for marine biomonitoring, the MTB approach 
would represent only approximately half of the costs and less than 
70% of the time compared to morphological assessments (Aylagas 
et al.,2018). A similar study showed a significant increase in meta-
zoan biodiversity detection with CBH despite it being eight times 
more expensive than the MTB approach (Giebner et al., 2020), which 
we believe may evolve as it becomes more commonly used and its 
protocols are optimized. We found that for CHB, the laboratory time 

TA B L E  4  Results of the pairwise Mantel tests based on the 
Bray- Curtis metric

16S 18S

r p- Value r p- Value

CHB- short: CBH- long 0.7262 0.006 0.2188 0.172

CHB- short: MTB 0.7601 0.001 0.4727 0.019

CBH- long: MTB 0.5814 0.005 0.4579 0.0565

Note: Numbers in bold reflect significant p- values.

F I G U R E  8  Multidimensional analysis 
of 16S (a) and 18S (b) dissimilarity metrics 
obtained with CBH using CBH- long, CBH- 
short and MTB, based on Bray- Curtis 
distances
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effort is nearly the same, but the costs are at present still higher than 
those of MTB, although considerably lower than those of metagen-
ome reconstruction. The major factor is the preparation of sequenc-
ing libraries per sample for CBH compared to MTB. In addition, 
although multiplexing library protocols help increase cost efficiency 
(for example, Förster et al., 2018; Meyer & Kircher, 2010), the re-
sults presented here show that full metabarcodes must be targeted 
to obtain satisfying read lengths and taxonomic assignments, and 
multiplexing cannot encompass as many libraries in a sequencing 
lane as MTB, with over 100 samples. The computational power of 
these methods is also comparable: reconstruction can be demand-
ing, yet error correction for high- quality PCR- based metabarcoding 
is also time-  and resource- consuming. Nevertheless, as in other re-
cent comparable studies (Liu et al., 2016; Seeber et al., 2019), we 
see the advantages of overcoming the slightly higher prices in the 
long term. In particular, using CBH for baseline studies can improve 
local reference databases thanks to improved taxonomic inferences 
through phylogenetic reconstruction, which will be particularly im-
portant for less described areas and taxa. These extended libraries 
will in turn contribute to improving the output of massive PCR- based 
metabarcoding screenings.

5  |  CONCLUSIONS

This study presents the potential advantages of using capture- based 
target gene enrichment for biodiversity assessment of prokaryotic 
and eukaryotic communities, with a specific application in poorly 
known deep- sea benthic ecosystems. The results showed that 
capture- based target gene enrichment has the potential for con-
siderable added value compared to PCR- based metabarcoding in 
performing referenced biodiversity inventories and phylogenetic re-
construction, improving knowledge for both biomonitoring and man-
agement purposes. CBH showed the ability to reach the two main 
goals initially established in this study: (i) revealing a broader spec-
trum of metazoan diversity and (ii) reconstructing full- length barcode 
regions (up to 1900 bp) allowing better phylogenetic reconstruction, 
thus improving taxonomic assignments. Consequently, provided se-
quencing depth is sufficient to allow de novo reconstruction, CBH can 
be applied at slightly higher costs than MTB for (i) identifying taxa 
that are not well represented (nor any close relatives) in databases, 
and (ii) performing phylogenetic and phylogeographic studies.
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