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Abstract

The analysis of environmental DNA (eDNA) allows efficient surveys of freshwater species and is being increasingly used.
However, most studies generally have a limited sampling plan. Because different methods are used by different authors, all the
data produced with eDNA cannot be easily pooled together for a global overview. Nevertheless, one of the promising perspectives
is the standardization of the methods and protocols, for long-term monitoring, early detection of invasive species, and rare species
detection. We here present the biggest dataset using eDNA metabarcoding with standardized methods for freshwater bivalves.
Sampling was performed mainly in France, with over 350 localities spread over all major basins. Metabarcoding was performed
using two new sets of primers, one for the Unionida and one for the Venerida. The species distributions inferred from eDNA
sampling are then compared with those currently known. Results give an insight into the valuable data that eDNA analysis
can provide if used at a large scale. Some species were found outside of their known range, especially invasive species but also
species of conservation interest. Others were found in a surprisingly low number of localities, although currently considered
widespread and of no conservation interest. This can be explained by the databases currently used to establish conservation
status, which are often biased by including ancient data, shell-only data, and potentially misidentified species. The present
study shows that our eDNA metabarcoding approach will be an essential tool to unveil the true species distributions, to better

evaluate their status and improve conservation policymaking.

1 INTRODUCTION

Traditionally, most freshwater mollusks inventories were based on shells records (ex. Duncan, 2008). The
durability of shells may be an advantage for species detection but may lead to potential biases. Although shell
surveys are less time consuming, they often overestimate population sizes, given that there is always more
dead than alive specimens. More importantly, they can also be misleading regarding species occurrences.
We have many examples of species being extirpated from a site where shells can still be found for many
years. Furthermore, the traditional classification of freshwater mollusks is based on plastic shell traits that
make identification difficult without taxonomical expertise. This turns surveys based on shells only a difficult
task for some species and a source of numerous species misidentifications. This is especially true for large



and conspicuous species such as the Unionoid bivalves. For smaller shells, like the fingernail clams, another
important bias in rivers, although poorly documented, is shell drifting, where shells can be collected far away
from their source population.

Therefore, most freshwater mollusks atlases based on these classical surveys are likely biased. In these
publications, misidentified specimens, ancient data, and shell-only data are pooled together generally leading
to enlarged species distributions and improved freshwater mollusks conservation status. Our results based
on a large-scale environmental DNA (eDNA) investigation shine a light on these biases and contribute to
more reliable species occurrences and therefore to more accurate conservation status assessments.

DNA barcodes provide more reliable species identifications than shell morphology (Prié, Puilandre, & Bou-
chet, 2012; Prié & Puillandre, 2014; Riccardi et al., 2019). DNA analyses are sometimes used to confirm
protected species determination, e.g. for the Thick-shelled River Mussel Unio crassus Philipsson, 1788, a
protected species in European countries, which is sometimes difficult to identify but may have important
economic impacts, if found in an area planned for project development. However, several difficulties hamper
the use of DNA barcodes for species identification, among which lab availability, price, permits to sample
protected species, as sampling tissue for DNA can be hazardous for mollusks, and the need to find and
collect live specimens, which can be a difficult and time-consuming task. Freshwater mollusks are hard to
survey, sometimes difficult to detect, especially for small species or species that spend most of their life
buried. Freshwater bivalves surveys often involve scuba diving, which means having specialized biologists,
costly equipment, and also increased associated risks (e.g. navigation, drifting objects, deadwood, fishing
lines, etc. ..) which have to be accounted for, especially in a professional context.

The development of non-invasive genetic monitoring methods with the extraction of environmental DNA
(eDNA) from indirect sources, such as fur, scats, or soil and water samples, brought important advances in
the remote detection and monitoring of species that are rare and/or difficult to capture or sample (Taberlet,
Coissac, Hajibabaei, & Rieseberg, 2012). eDNA metabarcoding analyses are therefore a promising way to
overcome the difficulties regarding freshwater mollusks’ surveys and sampling. They rely on a barcoding
approach, which secures determinations. Samples can be easily and safely collected in the field (contrarily to
scuba diving or river prospecting), do not require particular skills, and provide data about the extant living
population, as eDNA cannot be detected for long in freshwater (Dejean et al., 2011; Pont et al., 2018).

eDNA analyses have been developed for about 10 years to survey freshwater biodiversity (eg. amongst others
Ficeola, Miaud, Pompanon & Taberlet, 2008; Dejean et al., 2011; Taberlet et al. 2012; Darling & Mahon,
2012... see Thomsen & Willerslev, 2015 for a review). Most studies are still based on single-species detection
and generally have a limited sampling plan (e.g., Goldberg, Sepulveda, Ray, Baumgardt, & Waits, 2013; Evans
et al., 2015; Stoeckle, Huehn, & Geist, 2016; De Ventura, Kopp, Seppéla, & Jokela, 2017; Klymus, Marshall,
& Stepien, 2017). Here, we present the first extensive dataset using standardized eDNA metabarcoding
protocols for freshwater bivalves surveys, at the scale of whole France, with about 350 sampling sites. The
present results reveal some inaccuracies in our previous knowledge of species distributions. As the extent
and changes in distribution are one of the main parameters used for species conservation status assessments,
this change of paradigm may have a strong impact on future conservation policies.

2 MATERIAL AND METHODS

The methods are described in extenso in Prié et al. (2020). We will only provide here the main points that
are necessary to properly understand the significance of the results.

2.1 Sampling

Sampling was carried out between 2015 and 2019, mainly in summer months, between May and October,
focusing on rare species and under-sampled locations to cover most of the main French watersheds. The
water filtration was performed using a Vampire Sampler (Biirkle GmbH), a 0.45 ym VigiDNA filtration
capsule (Spygen), and disposable sterile tubing for each sample. The water was filtered for about 30 minutes
or until the filter of the capsule was completely saturated. The volume of filtered water varied according to



the turbidity and was estimated to be about 30 liters when the turbidity was low. The filter capsule was
emptied by injecting air, then filled with 80 mL of CL1 buffer (Spygen), and stored at room temperature
until DNA extraction. Two eDNA samples were collected per site.

2.2 DNA extraction

The content of each capsule was transferred to a 50 mL Falcon tube that was centrifugated for 15 min at
15,000 g. The supernatant was removed, leaving 15 mL of liquid. Then, alcohol precipitation was performed
by adding 33 mL of ethanol and 1.5 mL of 3M sodium acetate were added to each 50 mL tube, and samples
were stored for 24h at -20°C. After centrifugation for 15 min at 15,000 g, the supernatant was discarded.
360 uL of ATL Buffer of the DNeasy Blood & Tissue Extraction Kit (Qiagen) were added to the pellet,
thoroughly mixed, and transferred in a 2 mL tube. The remaining steps of the DNA extraction were carried
out using the NucleoSpin soil kit (Macherey Nagel) from step 6. The DNA was eluted with 100 pL of SE
buffer twice. Two types of extraction negative controls were performed during each extraction session, the
first one starting with a 50 mL Falcon tube filled by CL1 buffer, and the second one starting with 360 uL of
ATL Buffer of the DNeasy Blood & Tissue Extraction Kit (Qiagen) in a 2 mL tube.

2.3 DNA amplification

Two primer pairs were used, each amplifying either the Unionida or the Venerida (Prié et al., 2020; presented
in Table 1). Each DNA extract was amplified in twelve replicates per primer pair, including all the extraction
negative controls and the PCR negative controls.

The amplification mixture contained 1 U of AmpliTaq Gold Polymerase (Applied Biosystems), 1x PCR Gold
buffer containing 2 mM of MgCl2, 0.2 mM of each dNTPs, 0.5 uM of each tagged forward and reverse primers
and 0.2 mg/mL of bovine serum albumin (BSA, Roche Diagnostics). The final volume was 25 L including
3 pL of eDNA extraction. All amplification underwent the same PCR parameters (initial denaturation for 3
min at 95°C, 50 cycles of 30 s at 95°C, 30 s at 50°C and 30 s at 72°C, and final elongation at 72°C for 5 min).
Forward and reverse primers were 5‘-labeled with identical eight nucleotides tags to enable the subsequent
assignment of sequences to their respective sample. Each tag had at least four differences with other tags to
properly assign reads to samples. A total of 65 negative extraction controls and 35 PCR negatives controls
(ultrapure water) were also included in the experiment to monitor possible contaminations. Pooled PCR
products were purified using a MinElute PCR purification kit (Qiagen), with elution in 15 pl buffer.

2.4 DNA sequencing

A total of 43 libraries were prepared at Fasteris facilities (Geneva, Switzerland) using the Metafast protocol
(www. fasteris.com/metafast). These libraries were sequenced either on Illumina HiSeq 2500 (2 x 125 bp) or
Ilumina NextSeq (2 x 150 bp) platforms (Illumina, San Diego, CA, USA), targeting 300,000 forward and
reverse reads per sample and primer pair.

Sequence analysis

The sequence analysis was done using the OBITools package (Boyer et al., 2016). Briefly, forward and
reverse reads were assembled usingilluminapairedend program before assigning the assembled sequences
to the different samples using the ngsfilter . The original dataset was split into several files using the
obisplitprogram, one file per sample and primer pair. Sequences corresponding most likely to PCR or
sequencing errors were discarded. The discarded sequences were shorter than 20 bp, or occurring less than
10 times per sample, or labeled as ”internal” by the obiclean program. The taxonomic assignment was
carried out with the ecotag program, using a curated reference database (Prié et al. 2020) or a database
extracted from the EMBL release 138. Only sequences with a similarity higher than 98% with one of the
databases were kept. All sequences with a frequency of occurrence below 0.001 were considered as potential
tag-jumps (Schnell, Bohmann, & Gilbert, 2015) and discarded.

2.5 Available freshwater bivalves data for France



In order to compare the data collected with freshwater bivalves eDNA metabarcoding, data provided by INPN
were used. INPN (Inventaire national du Patrimoine naturel, National Inventory of the NAtural Heritage) is
a system implemented to ensure in a standardized way the restitution of synthetic data needed for the
expertise, the development of conservation strategies and the dissemination of information and national
and international reports relatied to the French natural heritage (plant and animal species, natural habitats
and geological heritage, seehttps://inpn.mnhn.fr/accueil /presentation-inpn ?lg=en, and Gargominy, Léonard,
Prié and Cucherat, 2016). The information comes from many national programs and data provided by various
partners. INPN ensure the validation of this data on three levels (1) conformity, e.g. the species is referenced
in the French taxonomic register (Gargominy et al., 2019) and the observation is situated in France; (2)
consistency, e.g. observation is not dated after the integration of the data; (3) scientific validation, e.g.
marine species is not recorded on land.

INPN thus includes data provided in the literature (grey as well as academic), in museum collection as well
as observations through various programs. About 32 900 freshwater bivalve data are available on the INPN
database in 2020. For focused species of conservation concern, the Giant Freshwater Pearl Mussel Pseudunio
auricularius (Spengler, 1793), the Depressed River Mussel Pseudanodonta complanata (Rossmiissler, 1835),
the Nut Orb Mussel Sphaerium rivicola (Lamarck, 1818) and the Witham Orb Mussel S. solidum (Normand,
1844), a distinction was made between ancient data (i.e. here data collected before the year 2000) and recent
ones. Shell-only data were considered as ancient data.

3 RESULTS
3.1 Freshwater bivalves biodiversity pattern

Each water sample yielded on average 8.1 species (ranging from 0 to 24 species, distribution showed in Figure
1). In only three water samples no bivalve at all could be detected. It was always in still waters, in small
pounds. Sites with only one species were either in pounds, or close to the sea (hence possibly brackish), or
high upstream the hydrosystem. On the other hand, the richest sites (15 species and over) were always large
rivers as shown in Figure 2. Half of the sites had between 5 and 11 species.

3.2 Focus on species

Our results are broadly congruent with the known distribution of the French freshwater bivalve species (Prié,
2017). However, some species were detected out of their known distribution range, noticeably introduced and
invasive species, but not only. Others were not detected where they were expected, and valuable data was
collected about poorly known species.

3.2.1 Out-of-range species

Outstanding data has been collected with eDNA for conservation-concerned species, such as the Thick-shelled
River Mussel U. crassus(categorized EN by the IUCN and listed in the European habitat directive annex
II). The Thick-shelled River Mussel is widespread in the basins of the Loire, Sadne, Seine, and generally
speaking in the north-eastern half of France as shown in Figure 3a. Although its populations have largely
declined over the last century (Lopes-Lima, Kebapgi, & Van Damme, 2014), there are many recent records
of living populations throughout its range. On the other hand, the species was not known south of the Loire
catchment area on the Atlantic coast (except for a few specimens in museum collections from the Dordogne
with doubtful vouchers, unpublished data) and historical records downstream of the Rhone catchment area
have not been updated despite intensive research in the Camargue wetland and Ardeche River. Data collected
by eDNA analysis confirmed the presence of the species throughout the north-eastern quarter of its range
and revealed its presence (i) upstream of the Dordogne and Charente watersheds, south of the Loire drainage,
where field surveys confirmed its presence by the observation of a few live individuals in 2018 and 2019, and
(ii) in several sectors of the Rhéne River mainstream, particularly downstream, where it was not known from
recent data.

The Rhone River is one of the largest European rivers. The lower Rhone, not surprisingly, remains a terra
incognita for the malacologist. It is a large, fast-flowing, deep, turbid, navigated river that is very hard



to sample. No scuba-diving nor extensive dredging campaign has been performed to investigate freshwater
bivalves species. The lower Rhone flows in the Mediterranean area, and its valley constitutes a northward
extension of the northwestern Mediterranean subregion (ex. Darwall et al., 2014). Its tributaries in the lower
part are typical Mediterranean streams on its right bank and rather alpine streams on its left bank. Hence its
tributaries, which are easier to sample, are very different ecosystems from the Rhone itself. While the Rhone
valley allows a northward extension of the Mediterranean biome, the Rhone itself provides a southward path
for species of more northern affinities such as the Thick-shelled River Mussel and the Swollen River Mussel
U. tumidus Philipsson, 1788. These new data could justify the implementation of conservation measures
(Natura 2000 network in particular) on new stretches of the river.

Species of the genus Anodonta are sometimes difficult to identify and are probably often misidentified in
databases. Because these species are widespread and common, validation processes of databases do not focus
on these potential misidentifications. In many cases, a barcoding approach is needed to clarify the Anodonta
populations’ taxonomic status. As an example, the Italian Swan Mussel Anodonta exulcerata Porro, 1838
has been recently re-described in Italy, based on molecular data (Froufe et al., 2017). There is no reliable
diagnostic morphological character to identify it in the field (Riccardi et al., 2019). It was considered endemic
to Italy and Switzerland. In this study, eDNA sequences of the species were detected in a few places in the
upper Loire River. The Italian Swan Mussel is a new species for France, maybe introduced from Italy. It
would for sure have been overlooked without an eDNA highlighting.

3.2.2 Invasive species

The Chinese Pond Mussel Sinanodonta woodiana (Lea, 1834) is a large species, introduced in France since
2007, which has rapidly spread in the south of France and the Rhone basin (Adam, 2010). Data collected by
eDNA analysis confirmed the expansion of this easily identifiable species in the field, and add a few localities
that were not previously known: downstream of the Tarn River, confirming the rapid colonization of the
Garonne basin, the Sevre niortaise River, from where it has since been observed with traditional methods,
the Saéne River, where it had not been detected during the freshwater bivalves surveys carried out in 2016 by
scuba-diving, and the Moselle River. On the other hand, eDNA analyses show that it is probably still absent
from the Meuse and Dordogne watersheds, where the eDNA observation pressure is high, and apparently
from the Adour, Seine and Charente basins. For all these basins, it would be urgent to implement protection
measures to avoid the colonization of the Chinese Pond Mussel. Indeed, it is now known that this species
represents a significant threat to native species (Donrovich et al., 2017; Huber & Geist, 2019).

The Quagga Mussel Dreissena rostriformis bugensis (Andrusov, 1897) is a smaller species, similar in shell
shape to the widespread Zebra mussel Dreissena polymorpha (Pallas, 1771), and therefore likely to remain
unnoticed due to confusion or negligence. It has only been known in France since 2010 when it was first
detected in the Meuse and Moselle basins (Bij de Vaate & Beisel, 2011). According to previously available
data shown in Figure 3b, it was thought to have colonized only the Meuse and Moselle Rivers, with scattered
data in the Rhine and Rhone Rivers (Prié & Fruget, 2017). eDNA data shows that the species has already
spread considerably, being also introduced into the Mediterranean coastal rivers (Lez River in Montpellier,
probably via the Bas-Rhéne-Languedoc Canal), and into the Seine watershed (probably via the Canal de
Bourgogne), where it had never been observed with traditional surveys. None of our samples from the Atlantic
drainages contained Quagga Mussel eDNA. These results highlights the value of eDNA sampling for invasive
species’ early detection and monitoring.

The Ridgedbeak Peaclam Fuglesa compressa (Prime, 1852) has been formally discovered in France very
recently (Mouthon & Forcellini, 2017), although the first data on its distribution date from 1989 (Mouthon
& Tair Abacci, 2012). Analysis of the eDNA has extended its current range, with new data in the Meuse,
upstream of the Seine, the Saone, the Ardeche, and all along the lower Rhone River.

3.2.3 Rare and endangered species

Our large-scale sampling in France stressed out the worrying conservation status of some species which are
not currently considered of conservation concern. The Depressed River Mussel P. complanatahistorically



had a wide distribution in France, as evidenced by museum collections (especially those of the National
Museum of Natural History in Paris, unpublished data), where three subspecies were recognized (Bouchet,
2002). About a hundred records are available in France (see Figure 3c). Out of these, 46 concern individuals
observed living recently. These data attest to the presence of the species in the catchment areas of the Seine
(about 15 stations), the Somme (one station), the Meuse (two stations), the Moselle (one station) and the
Rhine (one station). There is no recent record of live specimens elsewhere in France. eDNA data confirm
the current presence of the species in the Seine, the Meuse (9 stations out of the 52 sampled), the Moselle
(only one station studied), but also in the Sadne (one station out of the two studied), the lower Rhéne
(only one station out of the 65 sampled) and the Charente (only one station out of the 7 analyzed) Rivers.
Depressed River Mussel eDNA was not detected in any of the localities sampled in potentially favorable sites
(downstream ecosystems on limestone substratum) in the Garonne basin. Similarly, although few favorable
stations were studied on the Loire drainage, none revealed the species. The Depressed River Mussel seems
to be extirpated from most of its range in France. The only data on the lower Rhone is remarkable, as no
historical data are known for this sector.

The Witham Orb Mussel Sphaerium solidum is a typical downstream species, living in large rivers, at depth,
in well-oxygenated water, preferably on sandy substrates. This kind of environment has been extensively
sampled in our study (estimated 250 sampling sites suitable to the Witham Orb Mussel), but the Witham
Orb Mussel has been detected only once in our samples, close to one of the three places where it has been last
observed alive. Comprehensive data is available given its easily identifiable thick shell, which can be preserved
for years in the river banks as shown in Figure 3d. But this data, mainly based on shell observations, probably
give an obsolete picture of the reality. According to eDNA results, the Witham Orb Mussel appears to be
extirpated from the Aisne site by now (where sampling occurred about 10 years after its observation). Only a
single population would remain, in the lower Seine, which makes the Witham Orb Mussel the most threatened
freshwater bivalve species in France.

The Nut Orb Mussel S. rivicola is also a species characteristic of downstream large rivers, probably less
demanding in terms of the substrate than the Witham Orb Mussel, preferring more muddy sediments. It
also seems a little less threatened, but its situation concerning eDNA sampling throughout France is alarming.
About a hundred records are available, spread over most of the large French catchment areas. Nevertheless,
very few living populations are currently known. At least one population seems to subsist downstream of the
Loire, on a sector that we did not sample in the framework of this work. eDNA was only detected in a single
site in the Rhéne catchment (out of 65 sampled sites) eDNA could be detected indicating that Nut Orb
Mussels still occurs there, but probably with very poor conservation status since it is not known elsewhere
in the basin. Living individuals have recently been collected on the Meuse River, data confirmed by eDNA
analysis. Finally, there are several recent records of living individuals in the Seine basin, but the eDNA
sampling revealed the species only once in the Seine basin, closed to a previously reported living population.

The False Orb Pea Mussel Euglesa pseudosphaerium Favre, 1927 is a lowland rivers species that lives on
stable swampy areas, in clear and clean waters and is intolerant to pollution and water level fluctuations
(Welter-Schultes 2012). This kind of habitat has become very rare in France, and so is the False Orb Pea
Mussel. Welter-Schultes (2012) gives it a wide distribution range, covering most of France, although it is rare
and localized everywhere. Mouthon and Kuiper (1987) recorded it from only four sites in the Rhone Valley
and report an additional historical record near Toulouse (south-west France). Despite extensive sampling,
we didn’t detect its eDNA in the Rhone Valley. It has been detected with eDNA analyses once in a small
tributary of the Charente River and once in Britany (north-west France). Although suitable habitat for this
species is under-sampled, eDNA data confirm the worrying conservation status of the False Orb Pea Mussel.

4 DISCUSSION
4.1 Standardized eDNA sampling at a large scale

For the first time here, we have implemented eDNA surveys at a large scale, with standardized sampling
protocols and analyses. Our results are therefore comparable, both in space and time: it is now possible to



reproduce our sampling in the future to monitor the evolution of bivalve populations. This is particularly
relevant for monitoring invasive species: eDNA analyses are usually used to detect a given species’ occurrence.
But it can also be used to argue for absence. Our large-scale eDNA sampling revealed the occurrence
of invasive species in their previously known range and also in locations they were expected to colonize
considering the potential colonization routes (i. e. mainly artificial channels connecting main watersheds, eg.
Prié & Fruget, 2017). Contrarily, eDNA samples confirm the absence of the invasive species where they were
not (yet) expected. Re-sampling these places regularly could allow documenting colonization. Our results also
confirm that some introduced species are not invasive. For example, the Long Fingernail Clam Sphaerium
transversum (Say, 1829) has been recorded only twice in France with traditional methods, and eDNA only
added one isolated data.

On the other hand, large-scale eDNA sampling was valuable to detect rare and endangered species. The False
Orb Pea Mussel was detected in only two sites in France, supporting its critical conservation status. Only one
new location could be added by our eDNA samples for the very well-known Giant Freshwater Pearl Mussel
(Prié et al., 2018). Furthermore, some species such as the Depressed River Mussel, the Nut Orb Mussel, and
above all the Witham Orb Mussel were rarely detected despite their supposed large distribution range in
France, which flashes a red light on their conservation status.

4.2 Limits of molecular taxonomy and eDNA perspectives

Our results are still potentially biased by the uncertainties of molecular taxonomy. It is not clear whereas
our species delimitations, mainly based on mitochondrial DNA (mtDNA) markers, actually reflect species
boundaries.

First, do the mtDNA markers used to characterize species reflect species boundaries? This question has
already been addressed for French Naiad species by Prié and Puillandre (2014), but the status of the species
within the “pictorum” group, i.e. for France U. mancusLamarck, 1819 and U. pictorum (Linnaeus, 1758),
and within the “crassus” group, i.e. for France U. crassus crassusPhilipsson, 1788 and U. c. courtillier:
(Hattemann, 1859) remains unsolved. From our database U. mancus and U. pictorum , as defined by mtDNA
molecular markers, seem to largely overlap geographically - and are not discriminable neither from shell shape
nor anatomy where both lineages are sympatric. Their mtDNA divergence may only result from ancestral
polymorphism retention, and these two species may be synonyms. The least that can be said is that eDNA
large scale sampling results in France, together with field experience, do not argue in favor of two distinct
species.

Regarding the Thick-Shelled River Mussel U. crassus (a species having Doubly Uniparental Inheritance,
Significance Box 1), mtDNA female marker would argue in favor of distinct species, namely U. crassus and
U. courtillieri . Mioduchowska, Kaczmarczyk, Zajac and Zajac (2016) showed that an independent marker,
identified in male mtDNA, also reveals two distinct lineages with a significant divergence. But for now, there
is no evidence that these two independent markers tell the same story in any sampled specimen: these two
lineages may largely interbreed and mt DNA may just bear the scars of a complex phylogeography with
multiple species contractions and expansions throughout the glacial ages. We decided not to distinguish
these two taxa in our eDNA protocol.

Hybridization and the hazards of molecular taxonomy have been largely documented for the Asiatic Clams
Corbicula spp. (Pfenninger, Reinhardt, & Streit, 2002; Pigneur et al., 2011). Here, we did not distinguish the
three species described for France (C. fluminea(O.F. Miiller, 1774), C. fluminalis (O.F. Miiller, 1774) and C.
leana Prime, 1867, sensus Pigneur et al. 2011), although one haplotype of C. fluminalis seems to be proper
to this species. eDNA large-scale analysis makes it possible to map the different haplotypes of this species
complex, and maybe provide insights for a better understanding of invasive species colonization routes.

Second, the haplotype diversity of each species is not known. We have only a few sequences for most of the
species, sometimes only one specimen studied for the 16S gene (eg. the Iridescent Pea MusselE . pulchella
(Jenyns, 1832) or the Oval Orb MusselS. ovale (A. Férussac, 1807), see Supporting information). And yet,
some of the short fragments we amplify with our primers are haplotypes shared between different species



(Prié et al., 2020). Therefore, it is not sure if the various haplotypes detected reflect species distribution or
are shared between unknown species. For example, E. pulchella is known from only one 16S sequence, which
is closely related to the haplotypes of the Short-ended Pea Mussel E. subtruncata (Malm, 1855) (seven known
haplotypes of our short 16S fragment). If the haplotype referenced as E. pulchella in our reference library
was also a rare haplotype of E. subtruncata , the distribution given here for E. pulchella could be heavily
biased. What we present here is haplotypes distribution.

But eDNA remains an interesting tool to investigate genetic diversity in the field. In that respect, the samples
performed in Morocco and Italy allowed characterizing male mtDNA of The Moroccan River Mussel Unio
foucauldianus Pallary, 1936 and the Italian River MusselU. elongatulus C. Pfeiffer, 1825, and in Morocco,
many previously unknown haplotypes of the Caserta Pea Mussel E. casertana (Poli, 1791) were amplified.

4.3 Conclusion

According to eDNA data, downstream ecosystems are the most species-rich. They are also the most threa-
tened, facing diffuse and cumulated threats from upstream, and located in the most human-impacted areas
(populated areas, agricultural plains, industrial effluents...). Our eDNA results highlight very important
conservation issues for species downstream of major rivers. In a context of biodiversity erosion and declining
populations sizes, it seems essential to implement consistent conservation policies for downstream species,
which are currently insufficiently considered by naturalists and managers alike due to the difficulty of access
to these environments.

eDNA analyses, with an optimal protocol, have the potential of providing not only ”presence”, but also
”absence” data. Using standardized methods it becomes now possible to reliably document both the pro-
gression of invasive species, as well as range contractions of endangered species. Large-scale and long-term
eDNA metabarcoding surveys clearly represent a valuable tool for preserving and monitoring freshwater
bivalves. However, regarding the poorly known species, it should be kept in mind that what we present here
is 16S haplotypes distribution. They may not reflect the actual distribution of species as further studies may
jeopardize the current state-of-the-art of molecular taxonomy. This is just an eDNA point of view.
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Code Sequence 5’-3’ Reference

Unio01.F GCTGTTATCCCCGGGGTAR Prié et al. 2020
Unio01.R  AAGACGAAAAGACCCCGC Prié et al. 2020
VeneOl.F CSCTGTTATCCCYRCGGTA Prié et al. 2020
Vene0l.R  TTDTAAAAGACGAGAAGACCC Prié et al. 2020

TABLE 1 . Codes and sequences of the primers used for amplifying environmental DNA of bivalves.
Significant Box 1
Significance

Male and female mtDNA: a particularity of some bivalve groups (including freshwater) having Doubly
Uniparental Inheritance (DUT).

In bivalve species with DUI, mitochondria from the males are transferred from the spermatozoid to the egg
during fecundation. Contrary to mtDNA uniparental organisms, where paternal mitochondria are immedia-
tely eliminated, in DUI bivalves, males specimens retain their father’s mitochondria in their gonadal tissues,
and transmit them to their offspring. This has been originally coined DUI for marine mussels (Zouros, Ball,
Saavedra, & Freeman, 1994) and firstly detected in freshwater mussels by Liu, Mitton and Wu (1996). Our
eDNA primers also amplify the 16S male mtDNA fragment. Therefore, we often collect both male and female
mtDNA in our samples.
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conservation

FIGURE 1 : Distribution of the species richness among samples
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FIGURE 2 : Species’ richness distribution in France. The richest sites (over 15 species per sample) are in
large rivers. Most of the poorer samples are from ponds or upstream ecosystems. Dots size according to the
number of species.
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FIGURE 3 : Examples of expanding (a: Thick-Shelled River MusselU. crassus , b: Quagga Mussel D. r.
bugensis ) and contracting (c: Depressed River Mussel P. complanata, d: Witham Orb Mussel S. solidum )
distributions inferred from our eDNA samples. Black dots: available data; red stars: eDNA data; hatched
area: supposed distribution before eDNA sampling; shaded area: actual distribution range inferred from
eDNA samples. eDNA absence data not shown here, for more precise maps see Supplemental Information.
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