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Figure 2. Beta-diversity patterns in ASV and OTU-centred datasets. PCoA ordinations showing community
differentiation observed between sites and LULU vs not LULU curated samples, for the DADA2
metabarcoding pipeline with and without clustering. Metazoan datasets were clustered at d=1-13 (COI)

d=1-11 (18S) and curated with LULU at two minimum match values. The prokaryote 16S dataset was
clustered at d=1-11. R? values and associated p-values obtained in PERMANOVAs are shown in the

ordination plots. Significance codes: ***. p<0.001; **: p<0.01; *:

p<0.05. Colour codes: Green:

Mediterranean < 1,000 m; Red-yellow: Mediterranean-Atlantic transition zone 300-1,000 m; Blue: North

Atlantic < 1,000 m; Purple: Arctic < 1,000 m.
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This reduced recovery with RDP after applying a minimum phylum bootstrap level was
not observed in prokaryotes, where 51,000-55,000 ASVs were left after filtering with
both assignment methods (Table S7).

BLAST hit identities of the overall datasets varied strongly depending on phyla and
marker gene (Fig. 3). For 18S, most clusters had hit identities > 90%. Poorly assigned
clusters (hit identity < 90%) represented less than 20% of the dataset and were mostly
assigned to Nematoda, Cnidaria, Tardigrada, Porifera, and Xenacoelomorpha. For COI,
nearly all clusters had similarities to sequences in databases lower than 90%. Overall,
arthropods and echinoderms were detected at similar levels by both markers. The 18S
barcode marker performed better in the detection of nematodes, annelids,
platyhelminths, and xenacoelomorphs while COl mostly detected cnidarians, molluscs,
and poriferans (Fig. 3), highlighting the complementarity of these two loci. BLAST hit
identity was much higher for prokaryotes, with most clusters assigned with more than
90% similarity to sequences in databases. When datasets were filtered for RDP phylum
bootstrap levels 2 80%, most assignments also had high genus bootstrap values for
ribosomal loci. However, for COIl, a considerable number of OTUs assigned to
arthropods, cnidarians, molluscs, vertebrates, and poriferans still had genus
bootstraps < 60%.
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Figure 3. Taxonomic assignment quality of BLAST and RDP methods on metazoan and prokaryote

metabarcoding datasets of 14 deep-sea sites. BLAST hit identity of all target clusters detected is given
at hit identities > 70%. RDP-assigned data was filtered for phylum bootstraps = 80%, and associated
genus bootstraps are displayed. Taxonomic assignments were performed on the Silval32 database for
18S and 1685, and on the MIDORI-UNIQUE database, subsampled to marine taxa for COI.
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Discussion

1  ASVsand OTUs for genetic vs species diversity

The rise of HTS and the subsequent use of DNA metabarcoding have revolutionized
microbiology by unlocking the access to uncultivable microorganisms, which represent
by far the great majority of prokaryotes [68]. The development and improvement of
molecular and bioinformatic methods to perform inventories were historically
primarily developed for 16S rRNA barcode loci, before being transferred to the
eukaryotic kingdom based on the use of barcode markers such as 28S and 18S rRNA,
ITS, or mitochondrial markers such as COI [1], [69]. Thus, most bioinformatics pipelines
were initially developed accounting for intrinsic properties of prokaryotes and
concepts inherent to microbiology [70]—[72], before being transferred to eukaryotes
in general, or metazoans in particular. Such application transfers require adaptations
to account for differences in both concepts and basic biological features. One example
is the question of the relevance of using ASVs, advocated to replace OTUs “as the
standard unit of marker-gene analysis and reporting” [43]: an advice for
microbiologists that may not apply when working on metazoans.

First, metazoans are well known to exhibit variable and sometimes very high
intraspecific polymorphism in 18S-V1 and above all in COI. Second, the results on the
mock samples showed that single individuals produced very different numbers of
ASVs, indicating that ASV-centred datasets do not reflect actual species composition
in metazoans. As this “demultiplication” will be highly variable across taxa (as seen in
Fig. S2, and references such as [73] and [74]), the taxonomic compositions of samples
based on ASVs will reflect genetic rather than species diversity.

Clustering ASVs into OTUs and/or curating with LULU alleviated the numerical
inflation, but some species still produced more than one OTU, even at d-values as high
as d=11-13. While clustering and LULU curation improved numerical results in the
mock communities, they were associated with a decrease in taxonomic resolution,
especially for 18S where some closely related species were merged with increasing
clustering/filtering thresholds (i.e. the vesicomyid bivalves, the gastropod, and the
shrimp species; Table 1). When studying natural habitats, very likely to harbour closely
related co-occurring species, both LULU curation and clustering are thus likely to lead
to the loss of true species diversity, particularly for low-resolution markers such as 18S.
Optimal results in the mock samples, i.e. delivering the best balance between the
limitation of spurious clusters and the loss of true species diversity, were obtained with
LULU curation at 90% for 18S and 84% for COI, highlighting the importance of adjusting
bioinformatic correction tools to each barcode marker, a step for which mock
communities are most adequate.
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2 ASVsvs OTUs in natural communities: adapting pipeline parameters to marker
properties

Life histories of organisms, together with intrinsic properties of marker genes,
determine the level of intragenomic and intraspecific diversity. Intraspecific variation
is a recognised problem in metabarcoding, known to generate spurious clusters [37],
especially in the COl barcode marker. Indeed, this gene region has increased
intragenomic variation due to its high evolutionary rate 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 [75], [76]. Together with
clustering, LULU curation at 84% proved effective in limiting the number of multiple
clusters produced by single individuals, confirming its efficiency to correct for
intragenomic diversity (Table 1).

The mock communities we used here did not contain several haplotypes of the same
species (intraspecific variation), as is most often the case in environmental samples.
This prevents us from generalizing the comparable results obtained after LULU
curation of ASVs and OTUs, and the apparently limited effect of clustering in the mock
samples to communities that are more complex. However, LULU curation of ASVs is
not suited to account for natural haplotype diversity: not all haplotypes co-occur and
when they do so, they may vary in proportion and dominance relationships, making
clustering more suited to account for natural haplotypic diversity. Thus, clustering
ASVs will still be necessary to produce inventories of metazoan communities that
reflect species rather than gene diversity.

As expected, evaluation of clustering and LULU curation on natural samples showed
distinct results for 18S and COI. Indeed, concerted evolution, a common feature of SSU
rRNA markers such as 16S [68], [77] and 18S [78], limits the amount of intragenomic
polymorphism. In metazoans, a lower level of diversity is expected for the slower
evolving 18S gene [78], than for COl which exhibits faster evolutionary rates [79], [80].
This is reflected in the lower ASV (DADA2) to OTU (DADA2+swarm) ratios observed
here for 185 (1.0-2.2.) compared to COI (2.0-2.7) data at clustering d-values comprised
between one and seven (Table S6), underlining the different influence —and
importance— of clustering on these loci, and the need for a versatile, marker by marker
choice for clustering and curation parameters. When applying LULU to ASVs (DADA2)
versus OTUs (DADA2+swarm) on 18S, similar cluster numbers were obtained (Fig. 1),
suggesting a limited added effect of clustering for this marker once DADA2 and LULU
are applied. This is in line with its slow evolutionary rate [78] leading to a limited
number of haplotypes per species compared to COI. In contrast, for COI, LULU curation
of the ASV dataset led to nearly twice the number of clusters (574 + 38 at 84% and 742
+ 53 at 90%) compared to LULU curation of OTUs (at d=6: 334 + 21 for 84% and 433 +
31 for 90%). This confirms the higher intraspecific diversity of COI, and the need to
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combine clustering with LULU curation to account for intraspecific diversity in natural
samples, especially with highly polymorphic markers such as COI.

Finally, the reproductive mode and pace of selection in microbial populations may lead
to locally lower levels of intraspecific variation than the one expected for metazoans.
Prokaryotic alpha diversity was however also affected by the clustering of ASVs (Fig.
1), supporting the estimation of a 2.5-fold greater number of 16S rRNA variants than
the actual number of bacterial “species” [63]. The significant decrease in the number
of OTUs after clustering at d=1 (Table 2, Fig. 1, decrease of ~25%) suggests the
occurrence of very closely related 16S rRNA sequences, possibly belonging to the same
ecotype/species. Such entities may still be important to delineate in studies aiming for
example at identifying species associations (i.e. symbiotic relationships) across large
distances and ecosystems, where drift or selection can lead to slightly different ASVs
in space and time, with their function and association remaining stable.

3 Influence on beta diversity

After focusing on alpha diversity estimates, i.e. on the numerical accuracy of
inventories, the analysis of community structures showed that the LULU-curated
datasets resolved similar ecological patterns as datasets not curated with LULU.
However, clustering affected resolution of ecological patterns in ribosomal loci when
d values were high, and this was not the case for COIl, where similar patterns were
resolved in all datasets (Fig. 2). This is in accordance with other studies reporting
severe impacts of bioinformatic parameters on alpha diversity while comparable
patterns of beta diversity are observed in ASV and OTU datasets, at least down to a
minimum level of clustering stringency [33], [38].

Clustering and LULU curation mainly led to the decrease of the number of clusters
assigned to particular taxa in both loci, such as annelids, arthropods, nematodes, or
platyhelminths for 18S, and chordates, cnidarians, echinoderms, or poriferans for COI
(Fig. S2). The strong decrease in cluster numbers observed in these phyla suggests that
the latter have greater intraspecific polymorphism, although the decrease could also
be due to the merging of closely related species, as both markers have lower
taxonomic resolution in particular taxa. This has been acknowledged for 18S in general,
but in nematodes in particular [81], and reported in cnidarians with COI [82].

Overall, based on alpha and beta diversity results observed in mock communities and
natural samples, applying LULU at 84% seems to efficiently curate metazoan COI
datasets without significant loss of species, but clustering is required, at least at d=1,
in order to address high intraspecific polymorphism. For 18S, LULU curation seems to
require values above 84% (e.g. 90%) in order to avoid the loss of species, as seen in the
mock communities. However, the low taxonomic resolution obtained with this marker
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suggests that clustering should be performed at low d-values (d<4) to address
intraspecific polymorphism without affecting beta-diversity patterns. For prokaryotes,
clustering 16S ASVs at d=1 reduces the number of detected clusters by ~25%, which
may help addressing intragenomic variation when needed.

4 Taxonomic resolution and assignment quality

The COI locus allowed the detection of all ten species present in the mock samples,
compared to seven in the 18S dataset (Table 1). This locus also provided much more
accurate assignments, most of them correct at the genus (and species) level,
confirming that COl uncovers more metazoan species and offers a better taxonomic
resolution than 18S [83]-[85]. Our results also support approaches combining nuclear
and mitochondrial markers to achieve more comprehensive biodiversity inventories
[86]—[88]. Indeed, strong differences exist in amplification success among taxa [89],
[90], exemplified by nematodes, which are well detected with 18S but not with COI
[44]. The high complementarity of COl and 18S in terms of targeted taxa (highlighted
in Fig. S2), also supports the approach taken by Stefanni et al. [91], as subsampling
each gene dataset for its “best targeted phyla” and subsequently combining both
seems to be a very efficient way to produce comprehensive and non-redundant
biodiversity inventories.

Finally, compared to BLAST assignments, similar taxonomic resolution was observed
using the RDP Bayesian Classifier on the mock samples for 18S (Fig. S4) and for COI
when using the MIDORI-UNIQUE marine-only database. Poor performance of RDP
using the full MIDORI database is likely due to the size of the database, and to its low
coverage of deep-sea species. 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 COI (Fig. 3). Using minimum
similarities of 80% for COl and 86% for 18S as cut-off values for metazoans has been
shown to improve the taxonomic quality of metazoan metabarcoding datasets [91].
However, phylogenies of marine invertebrates have found high levels of species
divergence (up to ~30%), even within genera [54]. Consequently, studies on deep-sea
taxa have found that some invertebrate species had COIl sequences diverging more
than 20% from any other species present in molecular databases [55], [92]. At present,
it thus seems difficult to work at taxonomic levels beyond phylum-level with deep-sea
metabarcoding data when using large public databases. Small databases,
taxonomically similar to the targeted communities, and with sequences of the same
length as the amplified fragment of interest, are known to maximise accurate
identification [93]. When using the reduced marine-only COI database, RDP provided
the most accurate assignments in the mock samples when the phylum bootstrap level
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was 2 80 (Fig. S 4), although this filtering threshold drastically reduced the number of
OTUs in the overall dataset (Table S7). The development of custom-built marine RDP
training sets, without overrepresentation of terrestrial species, is therefore needed for
this Bayesian assighnment method to be effective on deep-sea datasets. With reduced
and more specific databases, removing clusters with phylum bootstrap-level < 80
should be an efficient way to increase taxonomic quality of deep-sea metabarcoding
datasets. At present, if 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, extracting the
clusters belonging to the groups of interest, then re-assigning taxonomy to these
target taxa using RDP and a smaller, taxon-specific database.

Conclusions and perspectives

Using mock communities and natural samples, we evaluate 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 following the
recommendations of Callahan et al. [43]. This is especially useful in large projects
spanning wide geographic zones and time scales, as different ASV datasets can be
easily merged a posteriori, and clustered if necessary afterwards. Nevertheless,
clustering ASVs into OTUs will be required to obtain accurate species-level inventories,
at least for metazoan communities, with a more severe influence of clustering
observed on alpha diversity estimates than beta-diversity patterns. Considering 16S
polymorphism observed in prokaryotic species [63] and the possible geographic
segregation of their populations, clustering may also be required in prokaryotic
datasets, for example in studies screening for species associations (i.e. symbiotic
relationships) as symbionts may be prone to differential fixation through enhanced
drift [94].

Our results also demonstrated that LULU effectively curates metazoan biodiversity
inventories obtained through metabarcoding. They also underline the need to adapt
parameters for curation (e.g. LULU curation at 90% for 18S and 84% for COI) and
clustering to each gene used and taxonomic compartment targeted, in order to
identify an optimal balance between the correction for spurious clusters and the
merging of closely related species.

Finally, our findings also showed that accurate taxonomic assignments of deep-sea
species can be obtained with the RDP Bayesian Classifier, but only with reduced
databases containing ecosystem-specific sequences.

The pipeline is publicly available on Gitlab (https://gitlab.ifremer.fr/abyss-project/), and
allows the use of sequence data obtained from libraries produced by double PCR or
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adaptor ligation methods, as well as having built-in options for using six commonly
used metabarcoding primers.

Data accessibility

The data for this work can be accessed in the European Nucleotide Archive (ENA)
database (lllumina sequencing data are available in the European Nucleotide Archive
under the following projects: PRIEB33873). The dataset, including raw sequences,
databases, and ASV/OTU tables, has been deposited on
https://doi.org/10.12770/0b5d250b-8418-4dda-b39¢c-960c4481df93.  Bioinformatic
scripts, config files, and R scripts are available on Gitlab (https://qgitlab.ifremer.fr/abyss-

project/).

Supplementary material

Supplementary tables and figures are available online:
https://doi.org/10.1101/717355
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