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Abstract

Freshwater ecosystems are increasingly threatened by human activities, leading to
biodiversity loss and ecosystem degradation. Effective biodiversity monitoring,
particularly through the use of aquatic macroinvertebrates as bioindicators, is crucial
for assessing ecological health. While traditional morphological methods face
limitations, DNA metabarcoding offers higher accuracy and efficiency in species
identification using environmental DNA. However, the success of metabarcoding is
contingent on the quality of reference libraries, which are often incomplete or biased.
This study aimed to construct a comprehensive COIl-based DNA barcode library for
freshwater macroinvertebrates in France, specifically targeting short gene regions
amplified with fwhF2/fwhR2N primers, suitable for degraded DNA. A list of species
occurring in French freshwater ecosystems was established from official national
checklists and Alpine lake surveys. The resulting library was analyzed for taxonomic
completeness, barcode coverage and genetic diversity. The checklist consisted of
2,841 species across 10 phyla, for which 56% had at least one COI-5P sequences
available in the Barcode of Life Data System (BOLD). Alignment challenges with the
primers were identified for certain taxa, particularly among Coleoptera, Diptera, and
Malacostraca. The genetic diversity approached by the number of haplotypes per
species highlighted that most of the species have limited diversity, with only 3 species
having more than 100 haplotypes. Finally, this study showed that a total of 57
haplotypes were shared among 116 distinct species. This work emphasized the need
for expanded sequencing efforts to improve barcode coverage and highlighted the
pitfalls associated with the use of these primers for further biodiversity assessment of
macroinvertebrates with degraded DNA.

Keywords: freshwater, COI, fwhF2 primers, macroinvertebrates, gap analysis,
metabarcoding, haplotype diversity.
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Introduction

Freshwater ecosystems face escalating anthropogenic pressures threatening their
functionality (Reid et al. 2019) and leading to significant biodiversity loss (Young et al.
2016, Borgwardt et al. 2019). In this context, biodiversity monitoring is crucial to
provide relevant ecological diagnoses and support the management and conservation
of these ecosystems and the vital services they provide. Aquatic macroinvertebrates
are widely used as bioindicators due to their abundant presence, high species diversity
and sensitivity to both anthropogenic and natural disturbances (Hering et al. 2006).
These organisms primarily inhabit the littoral zone and play pivotal roles in community
assembly and food web dynamics, contributing significantly to beta diversity and
metacommunity structure across diverse aquatic habitats (May 2019). Consequently,
they serve as key indicators in environmental monitoring programs, facilitating
assessments of the ecological status of aquatic ecosystems as mandated by the EU
Water Framework Directive (WFD) and national legislation (Mondy et al. 2012). The
standardized methodology for macroinvertebrate biomonitoring in Europe is based on
morphological identification through binocular microscopy (ANFOR, 2010; CEN 2019).
This methodology encounters significant challenges, including the labor-intensive and
expensive nature of collecting and sorting individual benthic invertebrates, which
hinders its broader adoption in routine biomonitoring (Blackman et al. 2019; Bonada et
al. 2006). Moreover, routine morphological identification poses drawbacks such as
high expertise demands and lower taxonomic resolution (Leese et al. 2016, 2018,
Bean et al. 2017, Hering et al. 2018). Notably, many taxa can only be identified at
limited taxonomic resolution (Caesar et al. 2006), without a timely effort of highly skilled
taxonomists. This is the case for Chironomids, a common group in freshwaters,
frequently classified at the family level due to challenges in species or genus
identification (Beermann et al. 2018). Additionally, immature life stages lacking
diagnostic morphological traits hinder accurate species identification and therefore limit
the proper quality assessment of freshwater ecosystems (Sweeney et al. 2011). These
challenges underscore the need for innovative approaches to enhance the efficiency
and accuracy of macroinvertebrate biomonitoring practices. The recent advent of DNA
metabarcoding techniques, integrating amplicon barcoding with high-throughput
sequencing, represents a promising advancement in biomonitoring applications
(Deiner et al. 2017, Pawlowski et al. 2018, Carraro and Altermatt 2024), providing a
valuable complement to morphology-based approaches for species identifications.
Metabarcoding finds application in analyzing environmental DNA (eDNA) samples
obtained from water, biofilm or sediment (Sakata et al. 2020; Valentini et al. 2016,
Rivera et al. 2021, Gauvin et al. submitted) or DNA extracts derived from a
homogenate of the sample's fauna (Taberlet et al. 2012). These molecular innovations
enable simultaneous processing of multiple samples, identification of small taxa,
immature or larval stages, and offer increased sensitivity and specificity, often
revealing hidden diversity, while enhancing time and cost effectiveness (Shokralla et
al. 2012, Pochon et al. 2015, Holman et al. 2019). These advantages facilitate direct
comparison among sites and studies and enable higher spatial-temporal frequency in
monitoring due to increased throughput (Bush et al. 2019). The efficiency of
macroinvertebrates DNA metabarcoding relies heavily on primer sets' effectiveness
across a broad taxonomic spectrum. The recovery rate of taxa using metabarcoding is
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contingent upon various factors, including the taxonomic resolution of the gene marker
employed (e.g. COIl or ribosomal markers like 16S, e.g, Elbrecht et al. 2016), amplicon
length (Meusnier et al. 2008), primer universality, and the number of primer pairs
utilized to amplify target taxonomic groups (Elbrecht and Leese 2015, Gibson et al.
2015). Specifically, a segment of the cytochrome ¢ oxidase subunit | (COI) gene has
emerged as the standard DNA barcoding marker for most animal groups (Hebert et al.
2003a), with over 95% of species in diverse animal groups exhibiting distinctive COI
sequences in test assemblages (Hebert et al. 2003b, 2004). Given the considerable
phylogenetic diversity among macroinvertebrates, the high taxonomic resolution and
existing reference data for the COI marker, make it a judicious choice for
metabarcoding freshwater macroinvertebrate communities (Ratnasingham and Hebert
2007, Andujar et al. 2018). Furthermore, well-established barcoding gaps for the COI
marker in freshwater macroinvertebrates underscore its suitability for such applications
(Zhou et al. 2009). Numerous primers of COI gene of varying base pair sizes are
available in the literature for DNA amplification of macroinvertebrates communities.
Environmental DNA released by target taxa can degrade rapidly (Seymour et al. 2018).
Consequently, for amplifying degraded DNA, that is extracted from water samples for
example, targeting a short COI marker region is suggested to enhance amplification
success (Barnes et al. 2014, Jelger Herder et al. 2014). The effectiveness of DNA
metabarcoding programs relies on open, comprehensive and accurate reference
sequence libraries (Briski et al. 2016, Oliveira et al. 2016, Weigand et al. 2019),
ensuring precise taxonomic assignment (Richardson et al. 2018, Rodriguez-Ezpeleta
et al. 2021). In that sense, incomplete DNA barcode libraries, as in poorly represented
species, pose a significant challenge, often leading to false negatives and
compromising biodiversity assessments (Ardura 2019, Leite et al. 2020, Duarte et al.
2021). Therefore, evaluating these gaps and the quality of sequence data in reference
libraries is imperative for the effective implementation of DNA-based tools in
biodiversity assessments (Duarte et al. 2020). Given the significance of reference
libraries completeness, primarily those that are pertinent in the context of the WFD,
numerous studies have been conducted to assess their representativeness by
comparing them with lists of described species (Trebitz et al. 2015, Weigand et al.
2019, Duarte et al. 2020, Leite et al. 2020, Specchia et al. 2020, Csabai et al. 2023).
Despite efforts to assess their representativeness, biases in taxonomic coverage
persist within reference libraries (Li et al. 2019, Weigand et al. 2019). Indeed,
numerous studies have emphasized the construction of tailored reference libraries to
suit the geographic context of the research area (Ficetola et al. 2021, Mugnai et al.
2023) and emphasized the importance of such databases to be refined with custom
sequences specific to local study areas and free from unexpected taxa. Additionally,
research by Abad et al. 2016 and Schenekar et al. 2020 has highlighted the value of
possessing DNA barcodes for local species. These studies have demonstrated that
DNA barcodes from local organisms can improve the accuracy of taxonomic
assignments and reveal previously unrecognized biodiversity, leading to adjustments
in taxonomic classifications among species. Our study is in line with the
recommendations proposed by Blackman et al. 2023, which advocate for compiling a
comprehensive list of target species within the study area and assembling accurate
sequences pertinent to those species. Our first objective is to assemble a list of
macroinvertebrate species known to be present in French freshwater ecosystems. The
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second objective is to construct a DNA barcode library utilizing COI primers,
particularly focusing on a short region of this gene which is highly effective when
targeting degraded DNA (fwhF2/fwhR2N, 205pb, Vamos et al. 2017), to identify
freshwater macroinvertebrate fauna in France using metabarcoding techniques and to
assess its genetic completeness. Our third objective is to identify the gaps of this new
reference library, thereby providing insight into its limitations and facilitating data
interpretation for futures users.

Material and methods

Checklist constitution for French metropolitan freshwater macroinvertebrates
species

In order to establish a checklist of macroinvertebrates taxa of freshwater aquatic
habitats in metropolitan France, three checklists were complied. The first one comes
from PERLA, an interactive tool managed by a French regional environmental agency
(DREAL Auvergne-Rhone-Alpes) accessible at http://www.perla.developpement-
durable.gouv.fr/index.php. PERLA serves as a national comprehensive checklist for
water managers and encompasses larvae, nymphs and adults across various
taxonomic groups, including insects, molluscs, crustaceans, and worms, among
others, found in rivers and aquatic ecosystems. In the manuscript, we will refer to this
checklist as the ‘French aquatic ecosystems checklist’. The second checklist is coming
from macroinvertebrate surveys conducted in four Alpine lakes (Lake Geneva, Lake
Annecy, Lake Bourget and Lake Tignes) from 2015 to 2022. In the manuscript, we will
refer to this checklist as the ‘French Alpine lakes checklist’. The third checklist we used
was from a French NGO, Opie-benthos (https://www.opie-benthos.fr/opie/monde-des-
insectes.html), studying freshwater insect’s taxonomy and diversity. Currently, Opie-
benthos leads comprehensive inventories across France, specifically targeting insect
species undergoing a part of their life cycle within diverse aquatic ecosystems. In the
manuscript, we will refer to this checklist as the ‘French aquatic insect’s species list'.
These three checklists were merged into a single one. When the taxonomic resolution
of taxa was limited to a level above species (genus, family, class, phylum), we
consulted the taxonomic referential of the National Inventory of Natural Heritage
(TAXREF v17.0 2024, available at
https://inpn.mnhn.fr/telechargement/referentielEspece/taxref/17.0/menu) to select
species from those ranks. The phylum Acanthocephala and Rotifera, the classes
Copepoda and Ostracoda (Arthropoda, Crustacea) and the families Succineidae
(Arthropoda, Insecta, Diptera) and Hydrachnidae (Arthropoda, Arachnida,
Trombidiformes), initially listed in French aquatic ecosystems checklist, were omitted
from our search from TAXREF v17.0 2024 as they are not considered as freshwater
macroinvertebrates according Tachet et al. 2000. Once those macroinvertebrates
species were retrieved for each taxonomic levels without species identification, several
filters from TAXREF were applied to select only French metropolitan freshwater
species from this taxonomic referential. First, we selected only the species occurring
in the following habitats: freshwater, marine and freshwater, brackish water,
continental (land and freshwater). Then, from this updated list, only species occurring
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in metropolitan France were kept. Finally, species characterized by one those 8 status
over 15 status in total were selected (present (native or undetermined), endemic, sub-
endemic, cryptogenic, introduced, invasive introduced, non-established introduced
(including cultivated / domestic), occasional). The checklists described above and the
summarized species list resulting from these compilations, inclusive of all species from
the mentioned inventories, is referred as the “French metropolitan freshwater
macroinvertebrates species list” and all together are available at
https://doi.org/10.57745/LMOXEW in the ‘Checklists composition data’ file for future
reference.

Sequences origin and cleaning steps

All the sequences for those species listed in the French metropolitan freshwater
macroinvertebrates species list, whatever the gene, were downloaded from October
2023 to May 2024, from the Barcode of Life Data System v4 -Bold- repository
(https://boldsystems.org/index.php/databases). We opted to utilize Bold as reference
library instead of GenBank due to concerns regarding the latter's unverified submission
process, which frequently results in misannotated sequences (Kozlov et al. 2016,
Locatelli et al. 2020, Steinegger and Salzberg 2020). The presence of stop codons
were checked among the retrieved sequences and none were found. The absence of
sequences for a given species may indicate either that the search in BOLD returned
"Unmatched terms" or that while the species was found, no sequences were publicly
available, rendering them private sequences (regardless of the reason for their
absence, they were all defined as "not available sequences” for this analysis). Before
concluding that a species lacked records in BOLD for the species from the French
aquatic ecosystems checklist and French Alpine lakes checklist, synonyms were
searched using INPN. The details of taxa resulting from this taxonomic harmonization
are available in Table S1. From this file containing all the sequences retrieved
(whatever the gene) for the queried species of the French metropolitan freshwater
macroinvertebrates species list, the COI-5P sequences belonging to the COI gene
were selected. All the remaining sequences were aligned with the fwhF2/fwhR2N
primer pair using MAFFT version 7 (Auto) (https://mafft.cbrc.jp/alignment/server/), by
genus or species group (as in all sequences assigned to the same genus or specie
were aligned together). Then, sequences characterized by gaps, insufficiencies in
length relative to the COI barcode standard (shorter than 205 pb), or identical (same
genetic sequence for one species) from the sequences file, were removed using
Jalview (https://www.jalview.org/). Due to the possibility of identical sequences being
shared among different species, certain species may have been excluded during this
stage, as a result of sequence overlap with other taxa. To address this issue, the list
of species obtained from this step was cross-referenced with the initial species list
following the alignment process. This comparison identified any missing species,
whose sequences were then realigned individually to ensure their accurate
representation. This final reference library containing only genetic sequences capable
of being aligned by the fwhF2/fwhR2N primer pair is named ‘Aligned DNA library’
hereafter.
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Graphical analysis

We firstly analysed the taxonomic composition of the French metropolitan freshwater
macroinvertebrates species list. Secondly, to highlight any gaps in the availability of
sequences in our list of species, the taxonomic coverage of barcodes at various
taxonomic levels was assessed. Thirdly, we highlighted the taxonomic composition of
species with COI-5P sequences that did not align with fwhF2/fwhR2N primers to reveal
which species and taxonomic groups could be misrepresented in metabarcoding
studies using those primer pair. Then, to explore the species haplotype diversity, the
number of different haplotypes available relative to the number of species by phylum
was examined. The categorization of unique barcodes ranging from limited (<5
barcodes) to moderate (5-25 barcodes) to good (>25 barcodes), was adopted from
Trebitz et al. 2015, and the species with the highest number of unique sequences
(haplotype) exceeding 100 were identified. Finally, in order to demonstrate the ability
of the primers used in the aligned DNA library to discriminate each species by a unique
barcode, groups of taxa sharing the same haplotype were identified.

Results and discussion

Taxonomic  composition of the French metropolitan freshwater
macroinvertebrates species list and barcoding coverage

The French metropolitan freshwater macroinvertebrates species list is composed by
10 phyla, 16 classes, 50 orders, 222 families, 670 genera, and 2841 species (Table 1).

Phylum Number of

Class Order Family Genus Species
Annelida 1 2 6 18 40
Arthropoda 4 20 135 508 2469
Bryozoa 2 2 6 7 11
Cnidaria 1 3 3 7
Entoprocta 1 1 1 1 1
Mollusca 2 11 24 52 195
Nematoda 2 9 42 68 99
Nemertea 1 1 1 1 1
Platyhelminthes 1 1 3 7 12
Porifera 1 1 1 5 6

Table 1. Summary of taxonomic composition for each phylum of the the French
metropolitan freshwater macroinvertebrates species list.

Figure 1 provides insights into the taxonomic composition, highlighting that the highest
diversity is observed within the phylum Arthropoda, followed by Mollusca and
Nematoda, with 2469, 195, and 99 species, respectively. On the other hand, taxa such
as Entoprocta and Nemerta are represented by only one species (Figure 1, Table 1).
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Figure 1. Taxonomic composition of the French metropolitan freshwater
macroinvertebrates species list. Percentage of the number of species according to
phylum (a), class within the arthropod phylum (b) and order within the insect class (c).
The number above each bar represents the total number of species affiliated to each
taxonomic rank.

Among the insects, Coleoptera dominate, followed by Diptera and Trichoptera, with
684, 630, and 527 species, respectively. The predominant phyla with the highest
number of species in our checklist matches with those identified in a study by Specchia
et al. 2020, who conducted a gap analysis of DNA barcodes available in international
repositories using the aquatic macroinvertebrate species checklist of a south-eastern
Apulia region in Italy. Furthermore, our findings align with the prevailing understanding
that Arthropoda, and thus insects, represent the most diverse group of animals,
exerting dominance in freshwater ecosystems inventories (Choudhary & Ahi, 2015;
Dijkstra et al. 2014; Grosberg et al. 2012; Yeates & Wiegmann, 1999). Moreover,
Diptera emerge as the most species-rich group utilized in biomonitoring across Europe,
with chironomids recognized for their prevalence and diversity in freshwater habitats
(Pinder 1986). Alongside Diptera, Coleoptera (beetles) stand out for their exceptionally
high species numbers across various ecoregions and countries in Europe and serving
as the most abundant group of aquatic insects (Jach and Balke 2008, Short 2018).
Following these orders, Trichoptera (caddisflies), Plecoptera (stoneflies) and
Ephemeroptera (mayflies), collectively known as EPT, emerge as the next three orders
in terms of species richness from our checklist. These organisms spend their immature
stages in freshwater and are widely employed as biological indicators for freshwater
guality assessment (Hering et al. 2004, Sweeney et al. 2011) and ecological
investigations, demonstrating robust responses to pollution or climate change
(Alvarez-Troncoso et al. 2015). Additionally, Nematoda emerges as a highly diverse
group, ranking third in species richness among all phyla listed in our checklist. This
outcome may be attributed to the the interest in this phylum is its utility in ecological
assessments, as nematodes are used for this purpose since a long time (e.g. Bongers,
1990; Moreno et al. 2011). From all the sequences retrieved based on the species of
the French metropolitan freshwater macroinvertebrates species list, 85.4% were
belonging to COI-5P gene (Figure S1). This result was expected as BOLD is the main
repository for COI sequences (Ratnasingham and Hebert 2007). Overall, 56% of the
2841 species listed in the French metropolitan freshwater macroinvertebrates species
list possessed at least one COI-5P genetic sequences publicly available in BOLD
database (Figure 2).
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Figure 2. Barcoding coverage of the French metropolitan freshwater
macroinvertebrates species list. The barcoding coverage gives for each phylum, for
each class within Arthropoda and for each order within Insecta the total percentage of
species with available COI-5P public sequence in BOLD. The number above each bar
represents the total number of species listed in the Freshwater macroinvertebrate
checklist.

There are some exceptions with Nemerta, which have a barcode coverage of 100%
and the Entoprocta which have 0% coverage (both phylum with only species
referenced). Mollusca (195 species) and Nematoda (99 species), which are the second
and third most diverse phylum in terms of species in the French metropolitan
freshwater macroinvertebrates species list, have one the worst barcode coverage of
all phyla (41% and 5.1%, respectively). Within Arthropoda, most of the class have a
barcode coverage above 60%, with the highest being the Malacostraca (65 species)
(73.8%) and the lowest the Branchiura (3 species) (66.7%). Finally, within insects,
Hymenoptera (1 specie), Lepidoptera (5 species), Megaloptera (3 species), Odonata
(89 species) and Hemiptera (83 species) have the highest barcode coverage (>80%).
The three most species diverse insects orders (Coleoptera (684 species), Diptera (630
species), Trichoptera (527 species)) have a barcode coverage of 73.4%, 55.9% and
67.9%, respectively (Figure 2). Compared to previous gap analyses carried out in other
countries, our analysis in freshwater ecosystems in France revealed a slightly lower
barcoding coverage for freshwater macroinvertebrates (56%). For instance,
investigations in specific regions such as the Apulia Region of Southeast Italy reported
DNA barcode availability for 58% of listed aquatic Macroinvertebrate species
(Specchia et al. 2020), while a study in Atlantic Iberia documented coverage for 63%
of macroinvertebrates (Leite et al. 2020). Similarly, a comprehensive assessment of
4502 freshwater invertebrate species utilized in ecological quality assessments
indicated that 60% possessed one or more barcodes (Weigand et al. 2019). Our
findings of the lowest barcode coverage at the phylum level align with previous studies,
which also reported very low barcode coverage for freshwater Platyhelminthes, with
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only three species having sequences deposited in examined databases (two in our
study). The low taxonomic coverage for Mollusca in our study can be attributed to the
high number of DNA barcodes deposited in GenBank rather than BOLD. As our study
exclusively utilized BOLD for sequence retrieval, this likely accounts for the observed
low barcode coverage of Mollusca, despite it being the second most listed phylum in
our checklist. Additionally, although nematodes are taxonomically diverse and
ecologically significant, they are generally overlooked in existing surveys (Weigand et
al. 2019 and references therein). Insects exhibited the highest number of available COI
sequences, consistent with previous studies highlighting the overrepresentation of
Arthropoda, particularly insects (Meglécz, 2023). The barcode coverage for Insecta
was 69%, aligning with other findings such as Weigand et al. (2019), who reported that
66% of monitored insect species were barcoded, and Trebitz et al. (2015), who found
approximately 70% representation in BOLD for Great Lakes fauna. Within Insecta,
Diptera had the lowest coverage on BOLD at 55.9%, while Odonata and Hemiptera
were the best covered, with over 80% of species barcoded in each group, similar to
Weigand et al. (2019). The large number of DNA barcodes accessible within public
databases often reflects the intensity of dedicated studies and associated barcoding
projects. Certain taxonomic groups, such as Arthropoda or Mollusca receive
disproportionate attention, resulting in a heightened focus and increased deposition of
sequences within genetic databases (Briski et al. 2011, 2016, Ardura 2019).
Consequently, the absence of comprehensive reference databases may lead to false-
negative outcomes (Klymus et al. 2017), while inaccuracies within these databases
can engender false-positive identifications, as evidenced by instances of misreporting
species presence (Port et al. 2016). Furthermore, the false assignment of sequences
to closely related species may ensue when references for the true species are absent
(Schenekar et al. 2020, Couton et al. 2022). Resolving this issue necessitates to
sequence new specimens of target taxa and their subsequent integration into
reference libraries.

Gap analysis of the aligned DNA library

The Figure 3 represents the taxonomic composition of the 27 species from the French
metropolitan freshwater macroinvertebrates species list which cannot be aligned with
the primer pair fwhF2/fwhR2N.
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Figure 3. Gap analysis of the aligned DNA library. Number of species associated with
COI-5P genetic sequences not alignable with fwh2 primer pair at the phylum rank (a),
within the Arthropoda phylum (b) and within the Insecta and Malacostraca class (c, C’).

Arthropoda emerged as the predominant taxonomic groups facing alignment difficulties
at the phylum level. Within insects (Arthropoda), Coleoptera and Diptera had the
species with the most alignment issues. Specifically, within Malacostraca (Arthropoda),
the gammarid (Gammaridae) and crayfish (Astacidea) families had the highest number
of species with alignment issues (Figure 3). Several reasons could explain these
results. Firstly, although COI-5P sequences were available, some were found to lie
outside the primer pairs' intended region during the alignment process, either entirely
or partially. In the latter case, where the sequence in question was shorter than the
desired amplified barcode, it was subsequently discarded. Another possible
explanation is the poor sequence annotation, such as mislabelling (e.g. COI-3P instead
of COI5-P) or misidentification of specimens, leading to incorrect species assignments.
Misidentification of voucher specimens has been highlighted as a major factor
contributing to erroneous records, as morphological identifications of closely related
species can be challenging. This issue has been noted by Leite et al. 2020; Paz &
Rinkevich, 2021; Pentinsaari et al. 2020, emphasizing its impact on subsequent
species identifications using databases like BOLD. This was evident in cases when
some species of insects failed to align with the primer pair, while others belonging to
the same genus did. Despite BOLD being a curated database with verification
procedures during sequence deposition and a reported error rate of less than 1% for
Metazoan sequences at the genus level (Leray et al. 2019), problematic records may
still exist, as evidenced in various studies on marine macroinvertebrates (Radulovici et
al. 2021) where up to 39% of sequences were considered ambiguous. For the
Decapoda species (Malacostraca, Arthropoda) that failed to align with the primers pair
fwhF2/fwhR2N, comprising eight crayfish species and one crab species, their absence
in the mock community during primer design could account for this discrepancy
(Elbrecht and Leese 2015, Elbrecht et al. 2017). Although Gammarids (Amphipoda,
Arthropoda) were included in primer design, the failure of some species to align with
the primers could be due to their vast diversity within aquatic environments (Horton et
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al. 2023). Molecular studies on Amphipoda have revealed extensive species diversity
and the presence of cryptic species complexes (Jazdzewska and Mamos 2019),
suggesting a high genetic variability within species (Lefébure et al. 2006) that may not
be compatible with the primer pair. Furthermore, Vamos et al. 2017 indicated that their
analysis of the efficiency of the primers pair displayed higher penalty scores for certain
taxa of Turbellaria, Mollusca, Trichoptera, and Isopoda, indicating potential
underrepresentation due to primer bias. This aligns with findings from other studies
suggesting preferential detection of taxonomic groups by different markers and primers
(Leduc et al. 2019). Consequently, the incorporation of multiple genetic regions in DNA
metabarcoding to ensure the broadest possible taxonomic detection may prove to be
a good solution (Duarte et al. 2021). This could be particularly important to monitor the
noble crayfish, Astacus astacus and the amphipod Gammarus roeselii which cannot
be detected with fwhF2/fwhR2N primers pair, (Figure 3), whereas they are the most
frequently monitored species of the malacostracans in Europe (Weigand et al. 2019).
Analysis of the number of haplotypes relative to the number of species available within
different phyla (Figure 4) provides important information about the potential to detect
taxa in natural samples.
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Figure 4. Taxonomic composition at the class rank for the species from the aligned
DNA library. Each box at the phylum level represents the distribution of COI-5P
haplotypes relative to the number of species.

In our reference library, for most phyla, the majority of species have less than five
haplotypes, except cnidarians, which have the majority of their species with 5 to 25
haplotypes. Only three species presented more than 100 unique barcodes: one
trichopteran (Agraylea multipunctata), one isopod (Asellus aquaticus) and one
gasteropod (Physella acuta). These findings are consistent with the observations of
Trebitz et al. 2015, suggesting a noteworthy exception to the prevailing low barcoding
rate for invertebrates, with some species being exceptionally well genetically
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represented. This phenomenon may be attributed to the scientific significance and
ecological relevance of these species, such as being acknowledged as a reliable
indicator. Indeed, Asellus aquaticus is a common species monitored in European
countries (Weigand et al. 2019), known as bioindicator for metal pollutants detection
(e.g. O’Callaghan et al. 2019). Physella acuta is also intensively studied as it is an
invasive aquatic Gasteropoda with worldwide distribution (Banha et al. 2014, Vinarski
2017). The analysis on the ability of the fwhF2/fwhR2N primers to discriminate each
species by a unique sequence demonstrated that 57 identical sequences were shared
by 116 distinct species (Table S2). Among those sequences, 10 were shared by two
or three different genus and 47 were shared by two or three different species. These
results could be explained by the fact that some taxa could have been mislabelled or
that, for this length of barcode (205 pb), no genetic variability is found between two
related taxa, therefore this barcode is not suitable to decipher those species. Several
authors showed the necessity to have multiple sequences for each species to cover
correctly their haplotypic diversity (Leite et al. 2020, Keck et al. 2023). This imperative
arises from the recognition that the absence of intraspecific variants can pose
significant challenges. In instances where a single sequence is available for a species
exhibiting high genetic variability, the accurate identification of all haplotypes may be
compromised. Moreover, inadequate representation of closely related species within
reference libraries can lead to the erroneous assignment of multiple species to a single
taxonomic entity (e.g. Jackman et al. 2021), potentially resulting in erroneous
assessments of species diversity.

Conclusions

Our study underscores a widespread absence of reference barcodes for numerous
extant invertebrate species. Although barcoding offers advantages over morphological
identification in biomonitoring, existing gaps in barcode libraries may hinder their
effectiveness (Duarte et al. 2020, Feio et al. 2020, Hestetun et al. 2020, Vieira et al.
2021). Substantial efforts are necessary to sequence new individuals for species
absent from in the reference barcoding library, and for species with a low number of
sequences. This will enable a more efficient and reliable species identification and
biodiversity assessment, since the effectiveness and reliability of DNA barcoding
identification are linked to the thoroughness of taxonomic curation and completeness
of the reference barcoding libraries (Geiger et al. 2021) (Keck et al. 2023).
Nevertheless, our work has established a reference barcoding library for freshwater
macroinvertebrates at the French level. This database can be utilized for biodiversity
studies employing environmental DNA with short COIl primers (fwhF2/fwhR2n)
designed for samples containing partially degraded DNA. Furthermore, we have
provided insights into the various biases associated with the utilization of this library,
that future users will have to take into account to interpret their results. Looking ahead,
an important future development for the fwhF2/fwhRNn reference library would be to
assign a confidence level to the identification of each taxon (e.g. species). This
confidence could be determined based on several factors, including the number of
reference sequences available (with higher sequence counts providing greater
confidence), geographical coverage (broader coverage being preferable), species
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delimitation (with monophyletic groups offering more robust identification compared to
paraphyletic ones), and the availability of metadata associated with each sequence
(e.g. sampling date and location, habitat, sequence quality). These criteria align with
recommendations proposed by (Fontes et al. 2021).

Acknowledgments

This study was made possible thanks to a funding of the Carnot Eau&Environnement
institute, a funding of the INRAE department AQUA and a funding of the pble INRAE-
OFB ECLA (ECosystemes LAcustres). We would also like to thank Tristan Lefébure
and Maylis Gauthier from LEHNA (CNRS) for their insights into this study. The authors
have declared that no competing interests exist.

References

Abad D, Albaina A, Aguirre M, Laza-Martinez A, Uriarte |, Iriarte A, Villate F, Estonba
A (2016) Is metabarcoding suitable for estuarine plankton monitoring? A
comparative  study with microscopy. Marine Biology 163: 149.
https://doi.org/10.1007/s00227-016-2920-0

Alvarez-Troncoso R, Benetti CJ, Sarr AB, Pérez-Bilbao A, Garrido J (2015) Impacts of
hydroelectric power stations on Trichoptera assemblages in four rivers in NW
Spain. Limnologica 53: 35-41. https://doi.org/10.1016/}.imno.2015.05.001

Andujar C, Arribas P, Yu DW, Vogler AP, Emerson BC (2018) Why the COI barcode
should be the community DNA metabarcode for the metazoa. Molecular
Ecology 27: 3968—-3975. https://doi.org/10.1111/mec.14844

Ardura A (2019) Species-specific markers for early detection of marine invertebrate
invaders through eDNA methods: Gaps and priorities in GenBank as database
example. Journal for Nature Conservation a7: 51-57.
https://doi.org/10.1016/j.jnc.2018.11.005

Banha F, Marques M, Anastacio PM (2014) Dispersal of two freshwater invasive
macroinvertebrates , Procambarus clarkii and Physella acuta, by off-road
vehicles. Aquatic Conservation: Marine and Freshwater Ecosystems 24: 582—
591. https://doi.org/10.1002/aqgc.2453

Barnes MA, Turner CR, Jerde CL, Renshaw MA, Chadderton WL, Lodge DM (2014)
Environmental Conditions Influence eDNA Persistence in Aquatic Systems.
Environmental Science & Technology 48: 1819-1827.
https://doi.org/10.1021/es404734p

Bean TP, Greenwood N, Beckett R, Biermann L, Bignell JP, Brant JL, Copp GH, Devlin
MJ, Dye S, Feist SW, Fernand L, Foden D, Hyder K, Jenkins CM, Van Der Kooij
J, Kroger S, Kupschus S, Leech C, Leonard KS, Lynam CP, Lyons BP, Maes
T, Nicolaus EEM, Malcolm SJ, Mcllwaine P, Merchant ND, Paltriguera L, Pearce
DJ, Pitois SG, Stebbing PD, Townhill B, Ware S, Williams O, Righton D (2017)

14



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

536
537
538
539

540
541
542
543

544
545
546
547
548
549
550

551
552
553
554

555
556
557
558

559
560
561

562
563
564
565
566
567

568
569
570

571
572
573

574
575
576

A Review of the Tools Used for Marine Monitoring in the UK: Combining Historic
and Contemporary Methods with Modeling and Socioeconomics to Fulfill
Legislative Needs and Scientific Ambitions. Frontiers in Marine Science 4: 263.
https://doi.org/10.3389/fmars.2017.00263

Beermann AJ, Zizka VMA, Elbrecht V, Baranov V, Leese F (2018) DNA metabarcoding
reveals the complex and hidden responses of chironomids to multiple stressors.
Environmental Sciences Europe 30: 26. https://doi.org/10.1186/s12302-018-
0157-x

Blackman R, Machler E, Altermatt F, Arnold A, Beja P, Boets P, Egeter B, Elbrecht V,
Filipe AF, Jones J, Macher J, Majaneva M, Martins F, Murria C, Meissner K,
Pawlowski J, Schmidt Yafiez P, Zizka V, Leese F, Price B, Deiner K (2019)
Advancing the use of molecular methods for routine freshwater
macroinvertebrate biomonitoring — the need for calibration experiments.
Metabarcoding and Metagenomics 3: e34735.
https://doi.org/10.3897/mbmg.3.34735

Blackman RC, Walser J, Ruber L, Brantschen J, Villalba S, Brodersen J, Seehausen
O, Altermatt F (2023) General principles for assignments of communities from
EDNA : Open versus closed taxonomic databases. Environmental DNA 5: 326—
342. https://doi.org/10.1002/edn3.382

Bonada N, Prat N, Resh VH, Statzner B (2006) DEVELOPMENTS IN AQUATIC
INSECT BIOMONITORING: A Comparative Analysis of Recent Approaches.
Annual Review of Entomology 51: 495-523.
https://doi.org/10.1146/annurev.ent0.51.110104.151124

Bongers T (1990) The maturity index: an ecological measure of environmental
disturbance based on nematode species composition. Oecologia 83: 14-19.
https://doi.org/10.1007/BF00324627

Borgwardt F, Robinson L, Trauner D, Teixeira H, Nogueira AJA, Lillebg Al, Piet G,
Kuemmerlen M, O’Higgins T, McDonald H, Arevalo-Torres J, Barbosa AL,
Iglesias-Campos A, Hein T, Culhane F (2019) Exploring variability in
environmental impact risk from human activities across aquatic ecosystems.
Science of The Total Environment 652: 1396-1408.
https://doi.org/10.1016/j.scitotenv.2018.10.339

Briski E, Cristescu ME, Bailey SA, Maclsaac HJ (2011) Use of DNA barcoding to detect
invertebrate invasive species from diapausing eggs. Biological Invasions 13:
1325-1340. https://doi.org/10.1007/s10530-010-9892-7

Briski E, Ghabooli S, Bailey SA, Maclsaac HJ (2016) Are genetic databases sufficiently
populated to detect non-indigenous species? Biological Invasions 18: 1911—
1922. https://doi.org/10.1007/s10530-016-1134-1

Bush A, Compson ZG, Monk WA, Porter TM, Steeves R, Emilson E, Gagne N,
Hajibabaei M, Roy M, Baird DJ (2019) Studying Ecosystems With DNA
Metabarcoding: Lessons From Biomonitoring of Aquatic Macroinvertebrates.

15



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

577
578

579
580
581
582

583
584
585

586

587
588
589
590

591
592
593
594
595

596
597
598
599
600

601
602
603

604
605
606
607

608
609
610

611
612
613
614

615
616

Frontiers in Ecology and Evolution 7: 434.
https://doi.org/10.3389/fev0.2019.00434

Caesar RM, Sorensson M, Cognato Al (2006) Integrating DNA data and traditional
taxonomy to streamline biodiversity assessment: an example from edaphic
beetles in the Klamath ecoregion, California, USA. Diversity and Distributions
12: 483-489. https://doi.org/10.1111/j.1366-9516.2006.00237.x

Carraro L, Altermatt F (2024) eDITH: an R-package to spatially project eDNA-based
biodiversity across river networks with minimal prior information. Ecology.
preprint https://doi.org/10.1101/2024.01.16.575835

Choudhary A, Ahi J (2015) BIODIVERSITY OF FRESHWATER INSECTS: A REVIEW.

Couton M, Lévéque L, Daguin-Thiébaut C, Comtet T, Viard F (2022) Water eDNA
metabarcoding is effective in detecting non-native species in marinas, but
detection errors still hinder its use for passive monitoring. Biofouling 38: 367—
383. https://doi.org/10.1080/08927014.2022.2075739

Csabai Z, Ciamporova-Zatoviéova Z, Boda P, Ciampor F (2023) 50%, not great, not
terrible: Pan-European gap-analysis shows the real status of the DNA barcode
reference libraries in two aquatic invertebrate groups and points the way ahead.
Science of The Total Environment 863: 160922.
https://doi.org/10.1016/j.scitotenv.2022.160922

Deiner K, Bik HM, Méachler E, Seymour M, Lacoursiere-Roussel A, Altermatt F, Creer
S, Bista |, Lodge DM, Vere N, Pfrender ME, Bernatchez L (2017) Environmental
DNA metabarcoding: Transforming how we survey animal and plant
communities. Molecular Ecology 26: 5872-5895.
https://doi.org/10.1111/mec.14350

Dijkstra K-DB, Monaghan MT, Pauls SU (2014) Freshwater Biodiversity and Aquatic
Insect Diversification. Annual Review of Entomology 59: 143-163.
https://doi.org/10.1146/annurev-ento-011613-161958

Duarte S, Vieira PE, Costa FO (2020) Assessment of species gaps in DNA barcode
libraries of non-indigenous species (NIS) occurring in European coastal regions.
Metabarcoding and Metagenomics 4. e55162.
https://doi.org/10.3897/mbmg.4.55162

Duarte S, Leite B, Feio M, Costa F, Filipe A (2021) Integration of DNA-Based
Approaches in  Aquatic Ecological Assessment Using Benthic
Macroinvertebrates. Water 13: 331. https://doi.org/10.3390/w13030331

Elbrecht V, Leese F (2015) Can DNA-Based Ecosystem Assessments Quantify
Species Abundance? Testing Primer Bias and Biomass—Sequence
Relationships with an Innovative Metabarcoding Protocol. Hajibabaei M (Ed.).
PLOS ONE 10: e0130324. https://doi.org/10.1371/journal.pone.0130324

Elbrecht V, Vamos EE, Meissner K, Aroviita J, Leese F (2017) Assessing strengths
and weaknesses of DNA metabarcoding-based macroinvertebrate identification

16



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

617
618

619
620
621
622

623
624
625
626

627
628
629
630

631
632
633

634
635
636
637
638
639

640
641
642
643

644
645

646
647
648
649

650
651
652

653
654
655

656
657

for routine stream monitoring. Yu D (Ed.). Methods in Ecology and Evolution 8:
1265-1275. https://doi.org/10.1111/2041-210X.12789

Elbrecht V, Taberlet P, Dejean T, Valentini A, Usseglio-Polatera P, Beisel J-N, Coissac
E, Boyer F, Leese F (2016) Testing the potential of a ribosomal 16S marker for
DNA metabarcoding of insects. PeerJ 4. €1966.
https://doi.org/10.7717/peerj.1966

Feio MJ, Garcia-Reventos A, Ardura A, Calapez AR, Pujante AM, Mortagua A, Mdrria
C, Diaz-de-Quijano D, Filipe AF (2020) Advances in the use of molecular tools
in ecological and biodiversity assessment of aquatic ecosystems. Limnetica 39:
419-440. https://doi.org/10.23818/limn.39.27

Ficetola GF, Boyer F, Valentini A, Bonin A, Meyer A, Dejean T, Gaboriaud C, Usseglio-
Polatera P, Taberlet P (2021) Comparison of markers for the monitoring of
freshwater benthic biodiversity through DNA metabarcoding. Molecular Ecology
30: 3189-3202. https://doi.org/10.1111/mec.15632

Fontes JT, Vieira PE, Ekrem T, Soares P, Costa FO (2021) BAGS: An automated
Barcode, Audit & Grade System for DNA barcode reference libraries. Molecular
Ecology Resources 21: 573-583. https://doi.org/10.1111/1755-0998.13262

Geiger M, Koblmiuller S, Assandri G, Chovanec A, Ekrem T, Fischer |, Galimberti A,
Grabowski M, Haring E, Hausmann A, Hendrich L, Koch S, Mamos T, Rothe U,
Rulik B, Rewicz T, Sittenthaler M, Stur E, Tonczyk G, Zangl L, Moriniere J
(2021) Coverage and quality of DNA barcode references for Central and
Northern European Odonata. PeerJ 9: e11192.
https://doi.org/10.7717/peerj.11192

Gibson JF, Shokralla S, Curry C, Baird DJ, Monk WA, King I, Hajibabaei M (2015)
Large-Scale Biomonitoring of Remote and Threatened Ecosystems via High-
Throughput Sequencing. Fontaneto D (Ed.). PLOS ONE 10: e0138432.
https://doi.org/10.1371/journal.pone.0138432

Grosberg RK, Vermeij GJ, Wainwright PC (2012) Biodiversity in water and on land.
Current Biology 22: R900—R903. https://doi.org/10.1016/j.cub.2012.09.050

Hebert PDN, Ratnasingham S, De Waard JR (2003a) Barcoding animal life:
cytochrome c oxidase subunit 1 divergences among closely related species.
Proceedings of the Royal Society of London. Series B: Biological Sciences 270.
https://doi.org/10.1098/rsbl.2003.0025

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003b) Biological identifications
through DNA barcodes. Proceedings of the Royal Society of London. Series B:
Biological Sciences 270: 313-321. https://doi.org/10.1098/rspb.2002.2218

Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM (2004) ldentification of Birds
through DNA Barcodes. Charles Godfray (Ed.). PLoS Biology 2: e312.
https://doi.org/10.1371/journal.pbio.0020312

Hering D, Johnson RK, Kramm S, Schmutz S, Szoszkiewicz K, Verdonschot PFM
(2006) Assessment of European streams with diatoms, macrophytes,

17



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

658
659
660

661
662
663
664

665
666
667
668
669

670
671
672
673

674
675
676
677

678
679
680
681
682
683
684
685

686
687

688
689
690
691

692
693
694

695
696
697
698

macroinvertebrates and fish: a comparative metric-based analysis of organism
response to stress. Freshwater Biology 51: 1757-1785.
https://doi.org/10.1111/j.1365-2427.2006.01610.x

Hering D, Meier C, Rawer-Jost C, Feld CK, Biss R, Zenker A, Sundermann A, Lohse
S, Bohmer J (2004) Assessing streams in Germany with benthic invertebrates:
selection of candidate metrics. Limnologica 34: 398-415.
https://doi.org/10.1016/S0075-9511(04)80009-4

Hering D, Borja A, Jones JI, Pont D, Boets P, Bouchez A, Bruce K, Drakare S, Hanfling
B, Kahlert M, Leese F, Meissner K, Mergen P, Reyjol Y, Segurado P, Vogler A,
Kelly M (2018) Implementation options for DNA-based identification into
ecological status assessment under the European Water Framework Directive.
Water Research 138: 192—-205. https://doi.org/10.1016/j.watres.2018.03.003

Hestetun JT, Bye-Ingebrigtsen E, Nilsson RH, Glover AG, Johansen P-O, Dahlgren
TG (2020) Significant taxon sampling gaps in DNA databases limit the
operational use of marine macrofauna metabarcoding. Marine Biodiversity 50:
70. https://doi.org/10.1007/s12526-020-01093-5

Holman LE, De Bruyn M, Creer S, Carvalho G, Robidart J, Rius M (2019) Detection of
introduced and resident marine species using environmental DNA
metabarcoding of sediment and water. Scientific Reports 9: 11559.
https://doi.org/10.1038/s41598-019-47899-7

Horton T, De Broyer C, Bellan-Santini D, Coleman CO, Copilas-Ciocianu D, Corbari L,
Daneliya ME, Dauvin J-C, Decock W, Fanini L, Fiser C, Gasca R, Grabowski M,
Guerra-Garcia JM, Hendrycks EA, Hughes LE, Jaume D, Kim Y-H, King RA, Lo
Brutto S, Lérz A-N, Mamos T, Serejo CS, Senna AR, Souza-Filho JF, Tandberg
AHS, Thurston MH, Vader W, Véindla R, Valls Domedel G, Vandepitte L,
Vanhoorne B, Vonk R, White KN, Zeidler W (2023) The World Amphipoda
Database: history and progress. Records of the Australian Museum 75: 329—
342. https://doi.org/10.3853/j.2201-4349.75.2023.1875

Jach MA, Balke M (2008) Global diversity of water beetles (Coleoptera) in freshwater.
Hydrobiologia 595: 419-442. https://doi.org/10.1007/s10750-007-9117-y

Jackman JM, Benvenuto C, Coscia |, Oliveira Carvalho C, Ready JS, Boubli JP,
Magnusson WE, McDevitt AD, Guimarées Sales N (2021) eDNA in a bottleneck:
Obstacles to fish metabarcoding studies in megadiverse freshwater systems.
Environmental DNA 3: 837-849. https://doi.org/10.1002/edn3.191

Jazdzewska AM, Mamos T (2019) High species richness of Northwest Pacific deep-
sea amphipods revealed through DNA barcoding. Progress in Oceanography
178: 102184. https://doi.org/10.1016/j.pocean.2019.102184

Jelger Herder, A. Valentini, E. Bellemain, T. Dejean, J.J.C.W. Van Delft, P.F. Thomsen,
P. Taberlet (2014) Environmental DNA - a review of the possible applications
for the detection of (invasive) species.
https://doi.org/10.13140/RG.2.1.4002.1208

18



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

699
700
701

702
703
704
705

706
707
708

709
710
711
712
713

714
715
716
717
718
719
720
721
722

723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

742
743

Keck F, Couton M, Altermatt F (2023) Navigating the seven challenges of taxonomic
reference databases in metabarcoding analyses. Molecular Ecology Resources
23: 742-755. https://doi.org/10.1111/1755-0998.13746

Klymus KE, Marshall NT, Stepien CA (2017) Environmental DNA (eDNA)
metabarcoding assays to detect invasive invertebrate species in the Great
Lakes. Doi H (Ed.). PLOS ONE 12: e0177643.
https://doi.org/10.1371/journal.pone.0177643

Kozlov AM, Zhang J, Yilmaz P, Gléckner FO, Stamatakis A (2016) Phylogeny-aware
identification and correction of taxonomically mislabeled sequences. Nucleic
Acids Research 44: 5022-5033. https://doi.org/10.1093/nar/gkw396

Leduc N, Lacoursiere-Roussel A, Howland KL, Archambault P, Sevellec M,
Normandeau E, Dispas A, Winkler G, McKindsey CW, Simard N, Bernatchez L
(2019) Comparing eDNA metabarcoding and species collection for
documenting Arctic metazoan biodiversity. Environmental DNA 1: 342-358.
https://doi.org/10.1002/edn3.35

Leese F, Bouchez A, Abarenkov K, Altermatt F, Borja A, Bruce K, Ekrem T, Ciampor
F, Ciamporova-Zatovitova Z, Costa FO, Duarte S, Elbrecht V, Fontaneto D,
Franc A, Geiger MF, Hering D, Kahlert M, Kalamuiji¢ Stroil B, Kelly M, Keskin E,
Liska I, Mergen P, Meissner K, Pawlowski J, Penev L, Reyjol Y, Rotter A,
Steinke D, Van Der Wal B, Vitecek S, Zimmermann J, Weigand AM (2018) Why
We Need Sustainable Networks Bridging Countries, Disciplines, Cultures and
Generations for Aquatic Biomonitoring 2.0: A Perspective Derived From the
DNAgua-Net COST Action. In: Advances in Ecological Research. Elsevier, 63—
99. https://doi.org/10.1016/bs.aecr.2018.01.001

Leese F, Altermatt F, Bouchez A, Ekrem T, Hering D, Meissner K, Mergen P,
Pawlowski J, Piggott J, Rimet F, Steinke D, Taberlet P, Weigand A, Abarenkov
K, Beja P, Bervoets L, Bjornsdéttir S, Boets P, Boggero A, Bones A, Borja A,
Bruce K, Bursi¢ V, Carlsson J, Ciampor F, Ciamporové-Zatovic':ové Z, Coissac
E, Costa F, Costache M, Creer S, Csabai Z, Deiner K, DelValls A, Drakare S,
Duarte S, ElerSek T, Fazi S, FiSer C, Flot J-F, Fonseca V, Fontaneto D,
Grabowski M, Graf W, Gudbrandsson J, Hellstrom M, Hershkovitz Y,
Hollingsworth P, Japoshvili B, Jones J, Kahlert M, Kalamuijic Stroil B, Kasapidis
P, Kelly M, Kelly-Quinn M, Keskin E, Kdljalg U, LjubeSi¢ Z, Macek |, Machler E,
Mahon A, Marec¢kova M, Mejdandzic M, Mircheva G, Montagna M, Moritz C,
Mulk V, Naumoski A, Navodaru |, Padiséak J, Palsson S, Panksep K, Penev L,
Petrusek A, Pfannkuchen M, Primmer C, Rinkevich B, Rotter A, Schmidt-Kloiber
A, Segurado P, Speksnijder A, Stoev P, Strand M, Sul&ius S, Sundberg P,
Traugott M, Tsigenopoulos C, Turon X, Valentini A, Van Der Hoorn B, Varbird
G, Vasquez Hadjilyra M, Viguri J, Vitonyté |, Vogler A, Vralstad T, Wagele W,
Wenne R, Winding A, Woodward G, Zegura B, Zimmermann J (2016) DNAqua-
Net: Developing new genetic tools for bioassessment and monitoring of aquatic
ecosystems in Europe. Research Ideas and Outcomes 2: el1321.
https://doi.org/10.3897/ri0.2.€11321

Lefébure T, Douady CJ, Gouy M, Gibert J (2006) Relationship between morphological
taxonomy and molecular divergence within Crustacea: Proposal of a molecular

19



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

744
745

746
747
748
749
750

751
752
753
754

755
756
757
758

759
760
761
762

763
764
765

766
767
768

769
770
771
772

773
774
775
776

777
778
779
780

781
782
783
784

threshold to help species delimitation. Molecular Phylogenetics and Evolution
40: 435-447. https://doi.org/10.1016/j.ympev.2006.03.014

Leite BR, Vieira PE, Teixeira MAL, Lobo-Arteaga J, Hollatz C, Borges LMS, Duarte S,
Troncoso JS, Costa FO (2020) Gap-analysis and annotated reference library
for supporting macroinvertebrate metabarcoding in Atlantic Iberia. Regional
Studies in Marine Science 36: 101307.
https://doi.org/10.1016/j.rsma.2020.101307

Leray M, Knowlton N, Ho S-L, Nguyen BN, Machida RJ (2019) GenBank is a reliable
resource for 21st century biodiversity research. Proceedings of the National
Academy of Sciences 116: 22651-22656.
https://doi.org/10.1073/pnas.1911714116

Li J, Lawson Handley LJ, Harper LR, Brys R, Watson HV, Di Muri C, Zhang X, Hanfling
B (2019) Limited dispersion and quick degradation of environmental DNA in fish
ponds inferred by metabarcoding. Environmental DNA 1. 238-250.
https://doi.org/10.1002/edn3.24

Locatelli NS, McIntyre PB, Therkildsen NO, Baetscher DS (2020) GenBank’s reliability
is uncertain for biodiversity researchers seeking species-level assignment for
eDNA. Proceedings of the National Academy of Sciences 117: 32211-32212.
https://doi.org/10.1073/pnas.2007421117

May ML (2019) Dispersal by Aquatic Insects. In: Del-Claro K, Guillermo R (Eds),
Aquatic Insects. Springer International Publishing, Cham, 35-73.
https://doi.org/10.1007/978-3-030-16327-3_3

Meusnier |, Singer GA, Landry J-F, Hickey DA, Hebert PD, Hajibabaei M (2008) A
universal DNA mini-barcode for biodiversity analysis. BMC Genomics 9: 214.
https://doi.org/10.1186/1471-2164-9-214

Mondy CP, Villeneuve B, Archaimbault V, Usseglio-Polatera P (2012) A new
macroinvertebrate-based multimetric index (I2M2) to evaluate ecological quality
of French wadeable streams fulfilling the WFD demands: A taxonomical and
trait approach. Ecological Indicators.

Moreno M, Semprucci F, Vezzulli L, Balsamo M, Fabiano M, Albertelli G (2011) The
use of nematodes in assessing ecological quality status in the Mediterranean
coastal ecosystems. Ecological Indicators 11: 328-336.
https://doi.org/10.1016/j.ecolind.2010.05.011

Mugnai F, Costantini F, Chenuil A, Leduc M, Gutiérrez Ortega JM, Meglécz E (2023)
Be positive: customized reference databases and new, local barcodes balance
false taxonomic assignments in metabarcoding studies. PeerJ 11: el14616.
https://doi.org/10.7717/peerj.14616

O’Callaghan 1, Harrison S, Fitzpatrick D, Sullivan T (2019) The freshwater isopod
Asellus aquaticus as a model biomonitor of environmental pollution: A review.
Chemosphere 235: 498-509.
https://doi.org/10.1016/j.chemosphere.2019.06.217

20



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

785
786
787
788

789
790
791
792
793
794
795
796
797

798
799
800

801
802
803
804

805
806

807
808
809
810

811
812
813
814
815

816
817
818

819
820
821
822
823

824
825

Oliveira LM, Knebelsberger T, Landi M, Soares P, Raupach MJ, Costa FO (2016)
Assembling and auditing a comprehensive DNA barcode reference library for
European marine fishes. Journal of Fish Biology 89: 2741-2754.
https://doi.org/10.1111/jfb.13169

Pawlowski J, Kelly-Quinn M, Altermatt F, Apothéloz-Perret-Gentil L, Beja P, Boggero
A, Borja A, Bouchez A, Cordier T, Domaizon I, Feio MJ, Filipe AF, Fornaroli R,
Graf W, Herder J, Van Der Hoorn B, Iwan Jones J, Sagova-Mareckova M, Moritz
C, Barquin J, Piggott JJ, Pinna M, Rimet F, Rinkevich B, Sousa-Santos C,
Specchia V, Trobajo R, Vasselon V, Vitecek S, Zimmerman J, Weigand A,
Leese F, Kahlert M (2018) The future of biotic indices in the ecogenomic era:
Integrating (e)DNA metabarcoding in biological assessment of aquatic
ecosystems. Science of The Total Environment 637-638: 1295-1310.
https://doi.org/10.1016/j.scitotenv.2018.05.002

Paz G, Rinkevich B (2021) Gap analysis of DNA barcoding in ERMS reference libraries
for ascidians and cnidarians. Environmental Sciences Europe 33: 4.
https://doi.org/10.1186/s12302-020-00449-9

Pentinsaari M, Ratnasingham S, Miller SE, Hebert PDN (2020) BOLD and GenBank
revisited — Do identification errors arise in the lab or in the sequence libraries?
Kuntner M (Ed.). PLOS ONE 15: e0231814.
https://doi.org/10.1371/journal.pone.0231814

Pinder LCV (1986) Biology of Freshwater Chironomidae. Annual Review of
Entomology 31: 1-23. https://doi.org/10.1146/annurev.en.31.010186.000245

Pochon X, Zaiko A, Hopkins GA, Banks JC, Wood SA (2015) Early detection of
eukaryotic communities from marine biofilm using high-throughput sequencing:
an assessment of different sampling devices. Biofouling 31: 241-251.
https://doi.org/10.1080/08927014.2015.1028923

Radulovici AE, Vieira PE, Duarte S, Teixeira MAL, Borges LMS, Deagle BE, Majaneva
S, Redmond N, Schultz JA, Costa FO (2021) Revision and annotation of DNA
barcode records for marine invertebrates: report of the 8th iBOL conference
hackathon. Metabarcoding and Metagenomics 5: €67862.
https://doi.org/10.3897/mbmg.5.67862

Ratnasingham S, Hebert PDN (2007) bold: The Barcode of Life Data System
(http://www.barcodinglife.org). Molecular Ecology Notes 7: 355-364.
https://doi.org/10.1111/j.1471-8286.2007.01678.x

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson PTJ, Kidd KA,
MacCormack TJ, Olden JD, Ormerod SJ, Smol JP, Taylor WW, Tockner K,
Vermaire JC, Dudgeon D, Cooke SJ (2019) Emerging threats and persistent
conservation challenges for freshwater biodiversity. Biological Reviews 94:
849-873. https://doi.org/10.1111/brv.12480

Richardson RT, Bengtsson-Palme J, Gardiner MM, Johnson RM (2018) A reference
cytochrome c oxidase subunit | database curated for hierarchical classification

21



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

826
827

828
829
830
831
832
833
834
835
836

837
838
839
840

841
842
843
844
845

846
847
848
849
850

851
852
853
854

855
856
857

858
859
860
861

862
863
864

865
866

of arthropod metabarcoding data. PeerJ 6: e5126.
https://doi.org/10.7717/peerj.5126

Rodriguez-Ezpeleta N, Morissette O, Bean CW, Manu S, Banerjee P, Lacoursiere-
Roussel A, Beng KC, Alter SE, Roger F, Holman LE, Stewart KA, Monaghan
MT, Mauvisseau Q, Mirimin L, Wangensteen OS, Antognazza CM, Helyar SJ,
Boer H, Monchamp M, Nijland R, Abbott CL, Doi H, Barnes MA, Leray M,
Hablutzel PI, Deiner K (2021) Trade-offs between reducing complex
terminology and producing accurate interpretations from environmental DNA:
Comment on “Environmental DNA: What’s behind the term?” by Pawlowski et
al. (2020). Molecular Ecology 30: 4601-4605.
https://doi.org/10.1111/mec.15942

Sakata MK, Yamamoto S, Gotoh RO, Miya M, Yamanaka H, Minamoto T (2020)
Sedimentary eDNA provides different information on timescale and fish species
composition compared with aqueous eDNA. Environmental DNA 2: 505-518.
https://doi.org/10.1002/edn3.75

Schenekar T, Schletterer M, Lecaudey LA, Weiss SJ (2020) Reference databases,
primer choice, and assay sensitivity for environmental metabarcoding: Lessons
learnt from a re-evaluation of an eDNA fish assessment in the Volga
headwaters. River Research and Applications 36: 1004-1013.
https://doi.org/10.1002/rra.3610

Seymour M, Durance |, Cosby BJ, Ransom-Jones E, Deiner K, Ormerod SJ, Colbourne
JK, Wilgar G, Carvalho GR, De Bruyn M, Edwards F, Emmett BA, Bik HM, Creer
S (2018) Acidity promotes degradation of multi-species environmental DNA in
lotic mesocosms. Communications Biology 1: 4.
https://doi.org/10.1038/s42003-017-0005-3

Shokralla S, Spall JL, Gibson JF, Hajibabaei M (2012) Next-generation sequencing
technologies for environmental DNA research: NEXT-GENERATION
SEQUENCING FOR ENVIRONMENTAL DNA. Molecular Ecology 21: 1794—
1805. https://doi.org/10.1111/j.1365-294X.2012.05538.x

Short AEZ (2018) Systematics of aquatic beetles (Coleoptera): current state and future
directions. Systematic Entomology 43: 1-18.
https://doi.org/10.1111/syen.12270

Specchia V, Tzafesta E, Marini G, Scarcella S, D’Attis S, Pinna M (2020) Gap Analysis
for DNA Barcode Reference Libraries for Aquatic Macroinvertebrate Species in
the Apulia Region (Southeast of Italy). Journal of Marine Science and
Engineering 8: 538. https://doi.org/10.3390/jmse8070538

Steinegger M, Salzberg SL (2020) Terminating contamination: large-scale search
identifies more than 2,000,000 contaminated entries in GenBank. Genome
Biology 21: 115. https://doi.org/10.1186/s13059-020-02023-1

Sweeney BW, Battle JM, Jackson JK, Dapkey T (2011) Can DNA barcodes of stream
macroinvertebrates improve descriptions of community structure and water

22



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

867
868

869
870
871

872
873

874
875
876
877

878
879
880
881
882
883
884

885
886
887

888
889
890
891

892
893
894
895

896
897
898
899
900
901
902
903
904
905

906
907
908

quality? Journal of the North American Benthological Society 30: 195-216.
https://doi.org/10.1899/10-016.1

Taberlet P, Coissac E, Hajibabaei M, Rieseberg LH (2012) Environmental DNA:
ENVIRONMENTAL DNA. Molecular Ecology 21: 1789-1793.
https://doi.org/10.1111/j.1365-294X.2012.05542.x

Tachet, Richoux, Usseglio-Polatera, Bournaud (2000) Invertebrés d’Eau Douce.
Systématique, Biologie, Ecologie.

Trebitz AS, Hoffman JC, Grant GW, Billehus TM, Pilgrim EM (2015) Potential for DNA-
based identification of Great Lakes fauna: match and mismatch between taxa
inventories and DNA barcode libraries. Scientific Reports 5: 12162.
https://doi.org/10.1038/srep12162

Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, Bellemain E,
Besnard A, Coissac E, Boyer F, Gaboriaud C, Jean P, Poulet N, Roset N, Copp
GH, Geniez P, Pont D, Argillier C, Baudoin J, Peroux T, Crivelli AJ, Olivier A,
Acqueberge M, Le Brun M, Mgller PR, Willerslev E, Dejean T (2016) Next-
generation monitoring of aquatic biodiversity using environmental DNA
metabarcoding. Molecular Ecology 25: 929-942.
https://doi.org/10.1111/mec.13428

Vamos E, Elbrecht V, Leese F (2017) Short COI markers for freshwater
macroinvertebrate metabarcoding. Metabarcoding and Metagenomics 1.
€14625. https://doi.org/10.3897/mbmg.1.14625

Vieira PE, Lavrador AS, Parente MI, Parretti P, Costa AC, Costa FO, Duarte S (2021)
Gaps in DNA sequence libraries for Macaronesian marine macroinvertebrates
imply decades till completion and robust monitoring. Diversity and Distributions
27: 2003-2015. https://doi.org/10.1111/ddi.13305

Vinarski MV (2017) The history of an invasion: phases of the explosive spread of the
physid snail Physella acuta through Europe, Transcaucasia and Central Asia.
Biological Invasions 19: 1299-1314. https://doi.org/10.1007/s10530-016-1339-
3

Weigand H, Beermann AJ, Ciampor F, Costa FO, Csabai Z, Duarte S, Geiger MF,
Grabowski M, Rimet F, Rulik B, Strand M, Szucsich N, Weigand AM, Willassen
E, Wyler SA, Bouchez A, Borja A, Ciamporova-Zatovitova Z, Ferreira S,
Dijkstra K-DB, Eisendle U, Freyhof J, Gadawski P, Graf W, Haegerbaeumer A,
Van Der Hoorn BB, Japoshvili B, Keresztes L, Keskin E, Leese F, Macher JN,
Mamos T, Paz G, PeSi¢ V, Pfannkuchen DM, Pfannkuchen MA, Price BW,
Rinkevich B, Teixeira MAL, Varbir6 G, Ekrem T (2019) DNA barcode reference
libraries for the monitoring of aquatic biota in Europe: Gap-analysis and
recommendations for future work. Science of The Total Environment 678: 499—
524. https://doi.org/10.1016/j.scitotenv.2019.04.247

Yeates DK, Wiegmann BM (1999) CONGRUENCE AND CONTROVERSY: Toward a

Higher-Level Phylogeny of Diptera. Annual Review of Entomology 44: 397-428.
https://doi.org/10.1146/annurev.ento.44.1.397

23



—ARPHAPreprints 4, thor-formatted, not peer-reviewed document posted on 30/09/2024 DOI: https://doi.org/10.3897/arphapreprints.e138085

909
910
911
912

913
914
915
916

917

Young HS, McCauley DJ, Galetti M, Dirzo R (2016) Patterns, Causes, and
Consequences of Anthropocene Defaunation. Annual Review of Ecology,
Evolution, and Systematics 47: 333-358. https://doi.org/10.1146/annurev-
ecolsys-112414-054142

Zhou X, Adamowicz SJ, Jacobus LM, DeWalt RE, Hebert PD (2009) Towards a
comprehensive barcode library for arctic life - Ephemeroptera, Plecoptera, and
Trichoptera of Churchill, Manitoba, Canada. Frontiers in Zoology 6: 30.
https://doi.org/10.1186/1742-9994-6-30

24



	docs-internal-guid-7104db92-7fff-43ab-75

