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Abstract

Through the development of environmental DNA (eDNA) metabarcoding, in situ mon-
itoring of organisms is becoming easier and promises a revolution in our approaches
to detect changes in biodiversity over space and time. A cornerstone of eDNA ap-
proach is the development of primer pairs that allow amplifying the DNA of specific
taxonomic groups, which is then used to link the DNA sequence to taxonomic identi-
fication. Here, we propose a framework for comparing primer pairs regarding (a) their
capacity to bind and amplify a broad coverage of species within the target clade using
in silico PCR, (b) their capacity to not only discriminate between species but also gen-
era or families, and (c) their in situ specificity and efficiency across a variety of envi-
ronments. As a case study, we focus on two mitochondrial 12S primer pairs, MiFish-U
and teleo, which were designed to amplify fishes. We found that the performance of
in silico PCRs were high for both primer pairs, but teleo amplified more genera across
Actinopterygii, Chondrichthyes, and Petromyzontomorphi than MiFish-U. In contrast,
the discriminatory power for species, genera, and families were higher for MiFish-U
than teleo, likely associated with the greater length of the amplified DNA fragments.
The evaluation of their in situ efficiency showed a higher recovered species richness

of teleo compared to MiFish-U in tropical and temperate freshwater environments,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Environmental DNA published by John Wiley & Sons Ltd

Environmental DNA. 2021;3:1113-1127.

wileyonlinelibrary.com/journal/edn3 1113


www.wileyonlinelibrary.com/journal/edn3
mailto:﻿
https://orcid.org/0000-0001-6121-5214
mailto:﻿
https://orcid.org/0000-0002-2289-8259
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:loic.pellissier@usys.ethz.ch
mailto:andrea.polanco@invemar.org.co
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fedn3.232&domain=pdf&date_stamp=2021-07-06

POLANCO F. eT AL.

1114 ;
Environmental DNA
—I—WILEY

Dedicated to the study and use of environmental DNA for basic and applied sciences

KEYWORDS

1 | INTRODUCTION

Biomonitoring tools are becoming increasingly necessary for moni-
toring the dynamics of biodiversity, especially in the light of global
changes, which are causing a rapid species population decline
(Kindsvater et al., 2014). Biomonitoring should go beyond quantifica-
tion of the most abundant species and monitor entire assemblages,
including rare species that can play an important role in ecosys-
tems (Mouillot et al., 2013). Traditional wildlife census methods are
generally not sufficient on their own, because they often overlook
hard-to-monitor taxonomic groups. Moreover, the extensive time
and financial costs of implementing these methods often limit the
number of studied sites (Ficetola et al., 2019; Pawlowski et al., 2020;
Plaisance et al., 2011). Another issue is the destructive sampling
techniques of traditional capture methods in which organisms are
often harmed due to the use of traps, nets, and even toxins (Murphy
& Willis, 1996). The breakthrough in the ability to recover DNA from
environmental samples (eDNA) using metabarcoding technology has
led to an easier, cheaper, faster, and noninvasive method of detecting
and monitoring organisms (Cordier et al., 2020; Taberlet et al., 2012;
Yamamoto et al., 2017). This method allows for the identification of
species composition using predesigned molecular primers that tar-
get specific clades (Deiner et al., 2017). The recovered sequences
can then be compared with a genetic reference database and used
to identify the taxa present in the environmental samples (Valentini
et al., 2016). The application of eDNA metabarcoding increases the
species detectability and permits more exhaustive ecosystem moni-
toring compared to previous approaches (Cilleros et al., 2019). eDNA
metabarcoding was shown to be particularly adequate to monitor
fish species in environments where they are difficult to detect, like
in large rivers (Blackman et al., 2021; Cantera et al., 2019; Pont et al.,
2018), lakes (Fujii et al., 2019; Hanfling et al., 2016; Lacoursiére-
Roussel et al., 2016) or marine ecosystems (Boussarie et al., 2018;
Polanco Fernandez et al., 2021; West et al., 2020). Because the de-
velopment of eDNA metabarcoding is relatively recent (Deiner et al.,
2017), its application for global conservation of biodiversity should
be accompanied by further technical performance assessments.
eDNA monitoring should provide a general solution applicable
to a variety of ecosystems (e.g., freshwater, brackish, and marine)
for conservation and management applications by recovering a
broad phylogenetic diversity within the target clade and increasing
the detection of rare species that support important and vulnera-
ble functions (Mouillot et al., 2013). To achieve these ambitions, a
cornerstone of the application of eDNA metabarcoding is the devel-
opment of primer pairs for DNA amplification through polymerase

but that generally both teleo and MiFish-U primers pairs perform well to monitor fish
species. Since more species were detected when used together, those primer pairs are

best used in combination to increase the ability of species detection.

biodiversity, biomonitoring, environmental DNA, fishes, in silico PCR, neural network

chain reaction (PCR) (Collins et al., 2019; Leese et al., 2021; Zhang
et al., 2020). Associated with the increased use of eDNA metabar-
coding, a large variety of primer pairs have been developed, either
universally (Bagley et al., 2019; Stat et al., 2019) or specifically to
amplify target clades (Kress et al., 2015; Xia et al., 2018). To test
their efficiency, computational tools reproducing in silico PCR have
been developed to simulate potential amplification of primers across
a species sequence database. Primer pairs are most frequently eval-
uated in silico for their capacity to bind and amplify a broad range
of species (Cannon et al., 2016; Valentini et al., 2016), and their abil-
ity to discriminate among species within the target clade (Bylemans
et al.,, 2018). In silico comparisons of eDNA primer pairs, either from
the same or distinct regions of the genome, have generally shown
varying levels of performance (Collins et al., 2019; Zhang et al., 2020)
and can have many pitfalls (So et al., 2020). In contrast to in situ
performance, in silico PCR amplifications can be overoptimistic.
Specifically, abiotic and biotic conditions of the studied ecosystem
could have an influence on the realized performance (Robson et al.,
2016). In order to allow widespread application of eDNA metabar-
coding for aquatic biodiversity monitoring, systematic performance
assessments of primer pairs should combine both in silico and in situ
under varied conditions (So et al., 2020; Zhang et al., 2020).

An important feature of well-performing primer pairs is the abil-
ity to not only recover the species through the species-specificity
of the targeted sequence (Wilcox et al., 2013; Zhang et al., 2020),
but also assign recovered eDNA sequences to higher taxonomic
levels if a more precise taxonomic resolution cannot be guaranteed,
or in the absence of a high-quality reference database. Generally,
the number of nucleotide differences between DNA sequences of
different species amplified by primer pairs represent a good proxy
of the species specificity of the amplified region. A species can be
considered unambiguously assigned if the marker sequence differs
from the marker sequences associated with all other species by at
least one base pair, regardless of the marker size (Boyer et al., 2016).
Nevertheless, the main limitation of species assignment is the in-
complete coverage of reference databases (Marques et al., 2020).
While an international effort has led to the compilation of a large
cytochrome oxidase 1 data base (Weigand et al., 2019), this region
of the mitochondrial genome has revealed a low performance as
an eDNA target region for some organismal groups, such as verte-
brates, in proximity with variable regions allowing for species-level
discrimination (Collins et al., 2019). For taxonomic groups other than
invertebrates, other regions such as the 12S and 16S ribosomal
RNA (rRNA) have shown higher performance in discriminating be-
tween organisms and consequently, new primer pairs have been
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FIGURE 1 Schematic representation of
(a) the mitochondrial mitogenome with the
12S mitochondrial rRNA gene and (b) the
position and length of the metabarcode
associated with the corresponding primer

pair: MiFish-U and teleo Mitogenome

developed (Collins et al., 2019; Komai et al., 2019; Pawlowski et al.,
2012). However, a major weakness of the use of those alternative
primer pairs is the limited taxonomic coverage of the correspond-
ing reference data base, where many unique sequences cannot be
properly assigned to the species level (Collins et al., 2019). In the
absence of complete references, it is therefore relevant to at least
be able to classify reads to higher taxonomic levels (genera or fam-
ily). To explore whether reads can be assigned to higher taxonomic
levels, Lower Common Ancestor algorithms allow for a systematic
comparison of sequences to the reference data base across taxo-
nomic levels and assign the category with the highest level of confi-
dence (Krause et al., 2008). Because the alignment and subsequent
analyses of short, highly variable and noncoding DNA sequences are
computationally challenging, an alternative method is to train neural
networks to classify eDNA sequences into taxonomic classes based
on motifs learned from independent DNA sequences. Neural net-
works have been shown to perform well for taxonomic assignments
of microbial sequences based on patterns within the DNA sequence
(Busia et al., 2019) and can help test taxonomic assignment abilities
at various taxonomic levels. Generally, the flexibility of neural net-
works and their ability to learn complex patterns from large num-
bers of short sequences make them a promising choice for solving
the general sequence-labeling problem in eDNA research (Nugent
& Adamowicz, 2020).

Fishes are excellent bioindicators of ecosystem health (Chovanec
et al., 2003; Fierro et al., 2017) and fulfil many ecosystem services
(Holmlund & Hammer, 1999), which led to the development of
multiple primer pairs to monitor their diversity and composition
within freshwater (Cilleros et al., 2019; Milhau et al., 2019) and ma-
rine environments (Nguyen et al., 2020; Polanco Fernandez et al.,
2021). Most studies have conducted eDNA surveys of fish assem-
blages using a single set of primers without prior evaluation of
potential bias for the studied taxonomic group or ecosystem (e.g.,
Balasingham et al., 2017; Kelly et al., 2014). Multiprimers comparison
generally found considerable differences in the amplified taxonomic
specificity and species discrimination power both in silico and in situ
(Bylemans et al., 2018; Zhang et al., 2020). For example, Bylemans
et al., (2018) showed that among multiple primer pair comparisons,
three primer pairs on the mitochondrial 12S rRNA gene (MiFish-U/
teleo/AcMDBO07) had the highest performance to recover fish spe-
cies richness from rivers in Australia. Similarly, Zhang et al., (2020)
showed that the two longest primer pairs of the 12S region Ac12S
(Evans et al., 2016) and AcMDBO07 (Bylemans et al., 2018) showed

Open
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the best performance in the freshwater river ecosystems in China
(Zhang et al., 2020). Moreover, Blackman et al., (2021) found that
the combination of two different 12S specific primer pairs resulted
in a more complete detection of biodiversity of fish in a large tropical
river network. Nevertheless, the efficiency of eDNA metabarcod-
ing and primer pairs could differ across ecosystems, within species
assemblages containing distinct lineages composition or complexity
(Bellemain et al., 2010; Clarke et al., 2014), or depending on the phys-
ical properties of the system (Jo et al., 2019). Additionally, recent
synthesis comparing multiple primer pairs have shown significant
differences in performance using criteria combining primer speci-
ficity, taxonomic discrimination within the target clades, and in situ
performance in diversity recovery (Collins et al., 2019; Zhang et al.,
2020). In situ evaluation provides more direct information about the
performance of primers under realistic conditions (Bylemans et al.,
2018; Collins et al., 2019; Evans et al., 2016, 2017; Hanfling et al.,
2016; Zhang et al., 2020). So far, studies performing comparisons of
primer pairs in situ have mainly focused on sampling from one spe-
cific ecosystem, either marine or freshwater (Bylemans et al., 2018;
Zhang et al., 2020).

The performance of primer pairs should be evaluated across mul-
tiple criteria (MacDonald & Sarre, 2017). Here, we propose a mul-
ticriteria comparative framework for assessing the performance of
eDNA primer pairs, regarding (a) their capacity to bind and amplify
a broad coverage of species using in silico PCR, (b) their capacity
to discriminate among species, genera, and families, (c) their spec-
ificity and efficacy in situ across freshwater and marine environ-
ments as well as temperate and tropical environments. We applied
this framework to two widely used primer pairs of the 12S mtDNA
marker designed to amplify fishes: teleo (Valentini et al., 2016) and
MiFish-U (Miya et al., 2015). The teleo primer pair targets a roughly
60 bp region located at the end of the 12S mtDNA strand because
this area is the most variable across fish species (Figure 1; Thomsen
et al., 2016; Valentini et al., 2016). The MiFish-U primer pair targets
roughly 170 base pairs region at the beginning of the 12S mtDNA
(Figure 1), which contains sufficient variability to identify fish to the
species level (Miya et al., 2015).

In this study, we had the following objectives:

1. We compared the potential amplification performance of teleo
and MiFish-U primer pairs across a broad range of mitogenomes
of fishes including both Actinopterygii and Chondrichthyes. We
expect that MiFish-U, optimized for Actinopterygii, should
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recover more diversity within this taxon, while teleo should
have a broader taxonomic range including Chondrichthyes.

2. We evaluated the species-level discrimination ability of teleo
and MiFish-U by comparing the uniqueness of sequence pat-
terns across species. Because the MiFish-U primer pair amplifies
alonger DNA region, we expect it to show a better discrimination
power at the species level.

3. We evaluated the ability of a neural network to assign sequences
amplified by the teleo and MiFish-U primer pairs to genus and
family levels based on patterns within the sequences. Because
the MiFish-U primer pair amplifies a longer DNA region, we ex-
pect more phylogenetically conserved DNA patterns allowing a
higher discriminatory power at the genus and family levels.

4. We evaluated the performance of teleo and MiFish-U primer pairs
to specifically amplify DNA from fishes and recover species on
eDNA samples in situ and whether this performance could vary
across different ecosystems, from temperate to tropical and from
marine to freshwater. We expect a higher performance of the
teleo amplifying smaller fragments because DNA might be more

degraded in tropical and marine environments.

2 | METHODS

2.1 | Primer sensitivity and species-specificity from
in silico PCR

We applied in silico PCR to compare the MiFish-U (Miya
et al., 2015) and the teleo (Valentini et al., 2016) primer pairs using
USEARCH::search_pcr (v11.0.667_i86linuxé4). We used two differ-
ent curated 12S rRNA reference data bases: the MIDORI database
(Leray et al., 2018 GenBank release 240), which includes over 55 k
metazoans and eukaryotic sequences, and the MitoFish data base
(Iwasaki et al., 2013; Sato et al., 2018 release 362), which is a fish-
specific database with over 4 k species. There is a partial taxonomic
overlap between these two reference data bases. To ensure trans-
parency and reproducibility, we did not alter them. In a first step,
we screened the reference data bases for sequences covering both
amplicons. This was essential to perform comparable in silico PCRs
for both primer pairs. For the in silico PCR, we explored a variety of
mismatches and allowed a maximum of three mismatches for each
of the four primers individually. We ran multiple in silico PCRs for
both primer pairs with different numbers of primer mismatches (0-
3). Following Zhang et al., (2020), we also removed hits with mis-
matches at the last two positions of the 3’ end.

Next, we analyzed whether unique taxa detected by both
MiFish-U and teleo primer pairs presented a phylogenetic signal at
genus levels. Because genus detection might be specific to selected
primer pairs, we explored the phylogenetic signal of taxa by using
the standardized effect size (SES) of the phylogenetic diversity index
(PD, Faith, 1992) calculated with the R package PhyloMeasures
(Tsirogiannis & Sandel, 2015). A negative SES PD below a value
of -1.96 shows that the phylogenetic pattern in the variable is

significantly clustered on the tree, whereas a positive value higher
than 1.96 indicates a significant overdispersed signal. A value around
zero means that the variable is randomly distributed on the tree.
We used two distributions of 100 super-trees, for Actinopterygii
(Rabosky et al., 2018) and Chondrichthyes (Stein et al., 2018) pruned
at the genus level and corresponding to the MIDORI database. We
calculated the mean and the standard deviation of the SES PD values

for each primer pair at genus levels.

2.2 | Species specificity of amplified sequences by
teleo and Mifish-U

We used the ensemble of amplified sequences from the MIDORI
and MitoFish data bases to evaluate the species specificity of the
teleo and MiFish-U primer pairs. Specifically, we computed the per-
centage of sequenced species per family for each primer pair as an
indication of coverage for each data base, as well as two coefficients
of taxonomic resolution from two different methods presented by
Marquina et al., (2019): exclusive taxonomic resolution (BE) and tax-
onomic resolution (BS) per family. These approaches are originally
designed within a sequence clustering framework when the diver-
sity unit corresponds to clusters instead of individual sequences and
can hence be used to define an appropriate barcoding gap. In the
present work, we focus on individual sequences and do not consider
sequence clustering. BE is the proportion of species whose amplified
sequences are unambiguously identified. All sequences attributed to
a species in the data bases must be unique to this species. If a spe-
cies has two sequences, one unique and one shared with another
species, it is considered not resolutive and not counted. We used
a slightly different definition of the BE index from Marquina et al.,
(2019), where we allowed multiple sequences per species as long as
those were not shared between different species. In the original ap-
proach, multiple sequences or clusters of sequences are not counted
even if those belong to the same species. The coefficient represents
the ratio of species considered resolutive/all amplified species for
each family. For a ratio of 1, all species are resolutive, a ratio of 0.5,
half species are resolutive within the family. BS corresponds to a less
strict version of the BE index, where only one sequence unique to
a species is necessary to be considered resolutive, as opposed to
all sequences of a species for BE. If a species has two sequences,
one unique and one shared with another species, it is still considered
resolutive and is counted.

2.3 | Taxonomic predictability of amplified
sequences by teleo and Mifish-U using
neural networks

We used neural networks to evaluate the capacity of the teleo and
MiFish-U primer pairs to amplify sequences that can be assigned to
genus and family levels. This was performed using the sequences
from the in silico PCR based on the recognition of k-mer patterns in
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the sequences. For each of the MIDORI and MitoFish data bases, we
generated four learning data sets: one for genus and one for species
for both teleo and MiFish-U primer pairs. For the family data sets,
we limited the selection to those with at least 10 genera in common
between the teleo and MiFish-U assemblies. Similarly, for the genus
data sets, we limited the selection of genera to those with at least 10
species in common. Considering the MIDORI data base, for the fam-
ily sequences assignment, we selected 42 families containing 3033
sequences assigned to 2376 species for the MiFish-U data set, and
2820 sequences from 2373 species for the teleo data set. Similarly,
for the genus assignment, we selected 54 common genera with 1124
sequences from 873 species for the MiFish-U data set, and 1065
sequences from 871 species for the teleo data set. The reverse com-
plement for all sequences was added to the data sets for invariance
with respect to the read direction of the sequences. We set aside
10% of the genera for each family and 10% of the species for each
genus in all data sets to evaluate the generalization power of this
approach over unseen taxa. We used those sequence data sets to
train a set of neural networks per primer recognizing sequences at
the genus and family levels each. We repeated the training of the
neural network ten times, each time with holding 10% of the spe-
cies and genera randomly. For each training repetition, we trained
10 neural networks per data set with four or five hidden layers, all
of them either 32, 64, 128, 256, or 512 neurons wide. We use k-mer
of length 5 since a previous study did not find differences between
length from 3 to 6 (Nugent & Adamowic, 2020). We then created
and trained a number of neural networks composed of four to five
fully connected layers. The input layer is 1024 units wide represent-
ing the full 5-mer space of the canonical bases. The output layer is a
softmax activated layer representing a probability distribution over
the possible genus and family labels respectively. The hidden lay-
ers use the leaky Rectified Linear Unit (ReLU) activation function.
We applied both dropout regularization to all hidden layers of the
network and added a five percent base-flipping noise to all training
inputs. We implemented our neural networks using the open-source
software library TensorFlow v2.3 (www.tensorflow.org). Starting
with randomly initialized parameters, we used a batch size of 1024
inputs and minimized over the sparse categorical cross entropy loss
between the true and predicted labels. Then we used the trained
model to predict the genus and family labels of the species that we
did not observe in the networks before. We computed the summary
performance by counting the mislabeled sequences at the genus and

family levels.

2.4 | Primers evaluation using field-
collected samples

We collected the eDNA in three different geographic regions consist-
ing of different climatic zones (tropical and temperate) and different
ecosystems (marine and freshwater). For each region, we collected
two water filters in two different sites for a total of 12 samples/fil-
ters collected. The sampling sites included the Rhone River (France),

Open
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in proximity of the cities of Jons and Brangues; the Mediterranean
Sea around Carry-le-Rouet and the island of Porquerolles (France);
and the Maroni River (French Guiana), upstream from the conflu-
ence with the Olemari river for the first site and downstream from
the Yalou Patapte locality (ancient amerindian village) for the second
site.

For the Rhéne samples, DNA sampling was performed using a
filtration device (SPYGEN VigiBOAT; www.spygen.com; nominal
flow of 1.1 L/minY), a VigiDNA 0.45 M cross flow filtration cap-
sule (SPYGEN) and a disposable sterile tubing for each sample. For
the Maroni samples, DNA sampling was performed using a filtra-
tion device (Vampire sampler), a VigiDNA 0.45 uM (SPYGEN), and
a disposable sterile tubing for each sample. For Mediterranean
Sea samples, the filtration device composed of an Athena® peri-
staltic pump (Proactive Environmental Products LLC; nominal flow
of 1.0 L/min™Y), a VigiDNA® 0.2 uM cross flow filtration capsule
(SPYGEN), and disposable sterile tubing for each filtration capsule.
At each site, we performed two filtration replicates in parallel for
30 min, corresponding to about 30 L of water per filtration capsule.
At the end of each phase of sampling, we emptied and then filled the
filtration capsules with 80 ml of buffer solution (CL1; SPYGEN) and
stored at room temperature. To prevent any type of contamination,
we handled all materials with sterile gloves and cleaned frequently.
We followed a strict contamination control protocol in both field and
laboratory stages (Goldberg et al., 2016; Valentini et al., 2016).

Before the eDNA extraction begins, all people entering the lab-
oratory first enter a sterile room where they get fully covered with
a disposable laboratory suit, mask, laboratory shoes, overshoes, and
gloves. The laboratory space is fully treated using 10% bleach and UV
treatment. High air pressure and the constant regeneration of fresh
air prevents contamination (Cilleros et al., 2019; Pont et al., 2018;
Valentini et al., 2016). We performed the DNA extraction following
the protocol described in Pont et al., 2018 for freshwater samples
and in Polanco Fernandez et al., 2021 for marine samples. After the
DNA extraction, we tested the samples for inhibition following the
protocol described in Biggs et al. (2015) and no inhibitions were
found, The amplification mixture contained 1 U of AmpliTag Gold
DNA Polymerase (Applied Biosystems), 10 mM Tris-HCI, 50 mM KClI,
2.5 mM MgCl2, 0.2 mM each dNTP, 0.2 pg/pl bovine serum albumin
(BSA, Roche Diagnostic), 0.2 pM of each primers (teleo or MiFish).
We also added in the amplification mixture containing teleo prim-
ers, 4 uM human blocking primer (Civade et al., 2016). Twelve PCR
replicates per sample were carried out. The primers were tagged on
the 5’ ends with unique nucleotide bases and with at least three dif-
ferences between each tag (Pont et al., 2018; Valentini et al., 2016).
Identical tags were assigned to both the forward and reverse prim-
ers in a given sample (i.e., filter), which allows for future identifica-
tion of the respective samples (Thomsen et al., 2016; Valentini et al.,
2016). The PCR mixture was denatured at 95°C for 10 min, followed
by 50 cycles of 30 s at 95°C, 30 s at 55°C for teleo or 61.5°C for
MiFish, and 1 min at 72°C, and a final elongation at 72°C for 7 min
(Pont et al., 2018). One PCR negative control (also 12 replicates) per
marker was sequenced in parallel. DNA extraction negative controls
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were analyzed in Milhau et al.,, (2019) for River Rhone, in Cantera
et al., (2019) for River Maroni and in Boulanger et al., (2021) for the
Mediterranean Sea. As they were negative, we did not analyze them
again for the present study. After amplification, the samples were
titrated using capillary electrophoresis (QlAxcel; Qiagen GmbH) and
purified using the MinElute PCR purification kit (Qiagen GmbH).
Before sequencing, purified DNA was titrated again using capillary
electrophoresis. The purified PCR products were pooled in equal
volumes to achieve a theoretical sequencing depth of 500,000 reads
per sample per marker. Two libraries, one for each marker, were pre-
pared using the MetaFast protocol by Fasteris (https://www.faste
ris.com/dna/?q=content/metafast-protocol-amplicon-metagenomi
c-analysis), which significantly limits the tag-jump problem (Taberlet
et al., 2012). A paired-end sequencing (2 x 125 bp) was carried out
using a MiSeq (2 x 125 bp) with the MiSeq Flow Cell Kit v3 (lllumina),
following the manufacturer's instructions at Fasteris facilities.
Following sequencing, reads were processed to remove errors
and analyzed using programs implemented in the OBITools package
(http://metab arcoding.org/obitools, Boyer et al., 2016) as described
in Valentini et al., (2016). The forward and reverse reads were as-
sembled with the ILLUMINAPAIREDEND program, using a minimum
score of 40 and retrieving only joined sequences. Then, we assigned
the reads to each sample using the NGSFILTER software and we
created a separate data set for each sample by splitting the orig-
inal data set into several files using OBISPLIT. After this step, we
analyzed each sample individually before merging the taxon list for
the final ecological analysis. Strictly identical sequences were clus-
tered together using OBIUNIQ. Sequences shorter than 20 bp, or
with fewer than 10 occurrences were excluded using the OBIGREP
program. The OBICLEAN program was then run. We discarded all
sequences labelled “internal,” which most likely correspond to PCR
substitutions and indel errors. Taxonomic assignment of the remain-
ing sequences was performed using the ECOTAG program with both
a local reference database and a curated database of the sequences
extracted from the release 138 (standard sequences). The curated
database of the sequences extracted from the release 138 was built
using the ECOPCR program (Bellemain et al., 2010; Ficetola et al.,
2010). We built one database per marker and we selected only se-
quences present in both databases for the final curated data set. We
used local databases for the Mediterranean Sea (Boulanger et al.,
2021) and French Guiana (Cilleros et al., 2019) in which we retrieved
only sequences containing both amplicons (Mifish-U and teleo).
After the taxonomic assignment, only sequences with a similarity
higher than 98% with the reference database were kept. After the
filtering pipeline, the PCR negative controls were completely clean,
and no sequence reads remained in those samples. We finally ana-
lyzed the specificity of MiFish-U and teleo as described in Collins
et al., (2019). Immediately after demultiplexing and quality filtering
(i.e., sequences longer than 20 bp, MOTU represented by more than
10 reads and MOTU), remaining reads are classified successively to
Metazoa, Chordata, Aves, Mammalia, Actinopteri, Chondrichthyes,
and Hyperoartia using a conservative 98% identity threshold in re-
lation to the reference bases (EMBL for nonfish, and local databases

for Actinopteri, Chondrichthyes, and Hyperoartia). Analyses were

run in R (R Development Core Team, 2019).

3 | RESULTS

3.1 | Evaluation of primer sensitivity and species-
specificity from in silico PCR

We compared the amplification performance of MiFish-U and teleo
primer pairs using in silico PCR from the MIDORI and the MitoFish
sequence data bases. We compared the in silico PCR amplifications of
the MiFish-U and teleo primer pairs to the MIDORI and MitoFish se-
quence data bases. We report results for no and two mismatches, while
other results can be found in Table 1. When considering no mismatch
with the MIDORI data base, we found that teleo amplified a total of
60 orders, 279 families and 1171 genera, while MiFish-U amplified 23
orders, 59 families, and 118 genera. Similarly, with the MitoFish data
base, teleo amplified a total of 59 orders, 271 families and 1216 gen-
era, while MiFish-U amplified 22 orders 57 families and 126 genera.
When considering two mismatches with the MIDORI database, teleo
amplified 79 orders, 437 families, and 1829 genera, whereas MiFish-U
amplified 79 orders, 394 families, and 1730 genera. With the MitoFish
data base, teleo amplified 79 orders, 416 families, and 1900 genera,
whereas MiFish-U amplified, 74 orders, 388 families, and 1792 gen-
era. Considering three mismatches, the amplification of both primers
further increased to offer a broad coverage (Table 1).

We found a difference in taxonomic breadth and specificity of
amplification between both primer pairs investigated. In particular,
considering two mismatches, teleo specifically amplified 4 orders
and 37 families in the MIDORI data base, and 5 orders and 37 families
with the MitoFish data base. In contrast, MiFish-U specifically ampli-
fied no orders and 8 families in the MIDORI data base and no orders
and 9 families with the MitoFish data base (Figure S1). With both
MIDORI and MitoFish data bases, teleo amplified a wider taxonomic
spectrum not only within Actinopterygii but also Chondrichthyes and
Petromyzontida. When accepting two mismatches, teleo was able to
detect Myliobatiformes, Torpediniformes, and others shark orders
(Selachii) as well as the phylogenetically very distinct group of lam-
preys (Petromyzontiformes). Considering the MIDORI data base and
two mismatches for Actinopterygii and the unique genera detected
by the MiFish primer pair (Figure 2), we found an average SES for
phylogenetic diversity of -1.99 + 0.18 across the 100 trees indicat-
ing that these genera are clustered (p = 0.013 + 0.008). We found a
similar result for the unique genera detected by the teleo primer pair
for the same data base (SES PD = -3.1 £ 0.14; p = 0.00034 + 0.0006)
and, across the 100 trees supporting the result, that these genera
are clustered. When focusing on the same data base and 2 mis-
matches for Chondrichthyes, we found that both the unique gen-
era detected by MiFish-U (SES PD = -5.92 + 0.56; p < 0.0001 and
SD < 0.0001) and teleo (SES PD = -2.14 + 0.53; p = 0.037 + 0.04) are
clustered on the phylogenetic tree. This indicates that both primer
pairs had higher efficiency in some families compared to others. We
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TABLE 1

from the MIDORI and MitoFish data bases

Mis-Match: 0

Mis-Match: 1

Mis-Match: 2

Environmental DNA 1119

In silico PCR results for a range (0-3) of primer site mismatches for both primer pairs with hits at order, family and genus level

Mis-Match: 3

Total PCR Hits

Total PCR Hits

Total PCR Hits

Total PCR Hits

No 3'-MM PCR Hits

No 3'-MM PCR Hits

No 3'-MM PCR Hits

No 3'-MM PCR Hits

Order Family Genus Order Family Genus Order Family Genus Order Family Genus
MIDORI MiFish-U 248 4836 5759 6349

248 (-0) 4833 (-3) 5754 (-5) 6340 (-9)

23 59 118 65 331 1447 79 394 1730 79 432 1864
MIDORI  Teleo 4063 5750 6336 6381

4063 (-0) 5707 (-43) 6279 (-57) 6318 (-63)

60 279 1171 61 327 1443 79 437 1829 79 443 1844
MitoFish ~ MiFish-U 281 7039 8203 9382

281 (-0) 7036 (-3) 8197 (-6) 9371 (-11)

22 57 126 61 324 1490 74 388 1792 79 426 1936
MitoFish  Teleo 5793 8327 9370 9423

5793 (-0) 8280 (-47) 9307 (-63) 9353 (-70)

59 271 1216 67 359 1701 79 416 1900 79 422 1915

Note: The table provides the total number of PCR hits and the number of orders/families/genus detected by in silico PCR.

found similar results when considering the MitoFish data base and

allowing two mismatches (Figure S2).

3.2 | Species specificity of amplified sequences by
teleo and MiFish-U

We computed the coefficients of exclusive taxonomic resolu-
tion (BE) and taxonomic resolution (BS) for each family having (a)
more than 100 species and (b) over 20 species per family repre-
sented in the data bases, which resulted in 46 families in MIDORI
and 47 families in MitoFish. Within each of these data bases, we
found that the species specificity largely varies among families.
In particular, for the MIDORI data base, both teleo and MiFish-U
primer pairs had lower species discrimination within a subset of
the families (e.g., Acipenseridae, Cichlidae, Rajidae, Sebastidae,
Salmonidae, Figure 3a,b). Overall, the longer fragments amplified
by MiFish-U allowed a better level of species discrimination (mean
BE = 0.805 + 0.169, mean BS = 0.847 + 0.147), than the shorter
fragments amplified by teleo (mean BE = 0.687 + 0.240, mean
BS = 0.740 £ 0.222). We presented the results considering the
MitoFish data base in (Figure S3a,b).

3.3 | Taxonomic predictability of amplified
sequences by teleo and Mifish-U using
neural networks

We found that both primer pairs produced sequences that can
be assigned to the genus and family levels using neural networks

(Figure 3c). With the exception of the smallest network (4 hidden
Layers, 32 neurons wide), consistently underperforming, the re-
sults were comparable between the tested networks of different
sizes. For the teleo primer pairs, the neural network predicted the
genus correctly with ~96.5% accuracy and the family ~84.7% ac-
curacy over all held out sequences. For the MiFish-U primer pair,
we found a genus level accuracy of ~97.9% and a family level accu-
racy of 91.3%. While performances were high for both primer pairs,
the neural networks trained on the MiFish-U data set consistently
outperformed those trained on the teleo data set, especially at the
family level. We presented the results considering the MitoFish da-
tabase in (Figure S3c).

3.4 | Insitu eDNA analyses across
different ecosystems

To compare the two primer pairs in situ, we sampled eDNA in sev-
eral marine and freshwater locations (Figure 4a,b). Across the two
primer pairs, we recovered a total of 217 taxa identified to either
the genus or the species level using teleo (26 orders, 65 families of
Actinopterygii, 1 order and 1 family of Chondrichthyes and 1 order
and 1 family of Petromyzontomorphi) and 183 taxa using MiFish-U
(24 orders, 60 families of Actinopterygii). In the temperate fresh-
water environment of the Rhone River, using the teleo primer pairs,
we found 13 orders and 20 families of Actinopterygii together with
one order of the Petromyzontomorphi represented by the genus
Lamprea, for a total of 53 taxa of which 36 were identified to the
species level (Figure S4a). Using the MiFish-U primer pair, we also
detected 14 orders (including Eupercaria) of Actinopterygii and 17
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FIGURE 2 Phylogenetic distribution of the genera for
Actinopterygii, (a) and Chondrichthyes (b), recovered uniquely by
MiFish-U (in orange), uniquely by teleo (in red) and by both primer
pairs (in blue) considering the MIDORI data base and allowing two
mismatches. Families and genera not detected by either primer
pairs are represented in black

different families for a total of 35 taxa of which 30 were identi-
fied to the species level (Figure S4a). Species detected by teleo and
MiFish-U primer pairs did not completely overlap and we found that
15 species found with teleo were not detected with MiFish-U, while
respectively 8 species found with MiFish-U were not detected with
teleo. Combining the two primers pairs recovered a total of 46 taxa,
more than each primer pair did alone. In the tropical freshwater en-
vironment of the Maroni River, using the teleo primer pair, we found
6 orders (including Eupercaria) and 29 families of Actinopterygii
and one order of Chondrichthyes represented by the species

Potamotrygon orbignyi, for a total of 121 taxa of which 102 were
identified to the species level (Figure 4c, S4B). Using the MiFish-U
primer pair, we detected 6 orders of Actinopterygii (including
Eupercaria) and 29 different families for a total of 102 taxa of which
we assigned 88 to the species level (Figure S4b). Species detected by
teleo and MiFish-U did not completely overlap and we found that 27
species detected with teleo were not detected with MiFish-U, while
respectively 14 species detected with MiFish-U were not detected
with teleo. Combining the two primers pairs allowed recovering 141
taxa, more than each other did alone. In the marine ecosystem of the
Mediterranean Sea, using the teleo primer pair, we found 13 orders
and 18 families of Actinopterygii (including Eupercaria) and 1 order
of Chondrichthyes, represented by the ray species Myliobatis aquila,
for a total of 46 taxa of which 42 were identified to the species level
(Figure 4C; Figure S4c). Using the MiFish-U primer pair, we detected
14 orders of Actinopterygii (including Eupercaria) and 19 differ-
ent families for a total of 46 taxa of which we assigned 39 to the
species level (Figure S4c). Species detected by teleo and MiFish-U
did not completely overlap and we found that 12 species detected
with teleo were not detected with MiFish-U, while respectively
10 species detected with MiFish-U were not detected with teleo.
Combining the two primers pairs allowed recovering 57 taxa, more
than each other did alone. The reference database was identical for
both primers, implying that differences do not stem from database
bias. We found that teleo and MiFish-U were highly specific with
99% of cleaned reads attributed to Actinopteri for both primer pairs
(Figure S4e-g, Table S1).

4 | DISCUSSION

Given the critical importance of metabarcoding primers in eDNA
analyses, a better understanding of primer properties and perfor-
mances is central for an informed choice in biomonitoring studies
(MacDonald & Sarre, 2017). Despite the increasingly wide applica-
tion of eDNA metabarcoding in fish community surveys of diverse
ecosystems (e.g. Cilleros et al., 2019; Polanco Fernandez et al., 2021,
Valentini et al., 2016), studies comparing primer pairs remain gener-
ally limited in scope and do not consider multiple evaluation crite-
ria (Collins et al., 2019; Zhang et al., 2020). Generally, appropriate
primer pairs should (a) amplify most of the species within the target
taxonomic group, (b) be able to differentiate at different taxonomic
levels and (c) work in a variety of ecosystems (MacDonald & Sarre,
2017). The most recent broad analyses of multiple markers and prim-
ers showed a higher performance of longer 12S primer pairs (Zhang
et al., 2020), but they are not the most used in fish eDNA studies.
Our analysis focusing on the comparison of two broadly used primer
pairs, teleo (Valentini et al., 2016) and MiFish-U (Miya et al., 2015),
shows a high performance of both primer pairs, which fulfilled
largely these criteria. In agreement with Bylemans et al., (2018a), we
show that teleo is only marginally superior to MiFish-U both in silico
and in situ, but combining both primer pairs showed the best per-
formance in the three environments investigated. We suggest using
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FIGURE 3 Species-specificity of (a) teleo and (b) MiFish-U across the different families. (c) Boxplot showing the performance of the
neural network to predict the taxonomic assignment at the genus and at the family level for both MiFish-U and teleo for the MIDORI

database

a combination of both primer pairs when possible, to detect fish as-
semblages more comprehensively.

Significant research efforts are still invested in the development
and testing of primer pairs (Zhang et al., 2020), but we documented
inherent trade-off in performance facets. In our analyses, while
MiFish-U resulted in more specific taxonomic resolution, teleo was
able to recover a larger number of species and a greater taxonomic
range in our analyses. Teleo offers a general primer solution for
fishesinboth marine and freshwater ecosystems by coveringabroad
phylogenetic range (including Actinopterygii, Chondrichthyes,
and Hyperoartia). The ability to amplify Actinopterygians and
Chondrichthyes equally is a relevant feature when monitoring ma-
rine and tropical freshwater environments. The teleo primer pair
can amplify in silico many Chondrichthyes, which is mirrored in our
in situ analyses. For example, teleo was able to detect two ray spe-
cies in both marine and freshwater environments and two Lamprey
species from the Rhone River, while none of those species were
recovered by MiFish-U. Although non-bony fishes represent a lim-
ited part of freshwater fish assemblages, detecting them has a par-
ticular interest for conservation as those species, such as the giant
freshwater stingray (Hymantura chaophraya) in Asian rivers (Stone,
2007), are often threatened. Similarly, the sea lamprey (Petromyzon
marinus) is an endangered species in European and North American
rivers but is also an invasive species in the American great lakes
where it is responsible for the decline in salmon production due
to its parasitic feeding behavior (Hansen et al., 2016). Hence, our
results support the finding in case studies, in which teleo was used.
For example, Neotropical rivers host several species of strictly
freshwater stingrays belonging to the potamotrygonidae family,

but also several shark species that occasionally colonize freshwa-
ters, which are recovered by eDNA analyses using teleo (Cilleros
et al., 2019). Similarly, in marine environments, previous applica-
tions of the teleo primer pair have shown the ability to amplify
and detect several shark species (Polanco Fernandez et al., 2021),
showing that it may not be necessary to use two different primer
pairs to detect those important species (Roff et al., 2016). The per-
formance of teleo agrees with previous analyses (Bylemans et al.,
2018b), but contrasts with a recent comparison across multiple
primers developed for fishes (Zhang et al., 2020). An increasing
number of studies reach a consensus that among barcode genes,
the 12S mtDNA is highly effective to recover fish eDNA (Valentini
et al., 2016). In particular, Zhang et al., (2020) found that the top
six primer pairs that recovered the greatest numbers of fish taxa
were all for the 12S region. However, in contrast with our results,
Zhang et al., (2020) found a lower performance of teleo compared
with other primers pairs including MiFish-U, both in silico and in
situ. Zhang et al., (2020) used an uncurated version of the NCBI
database during their in silico analyses, in which the coverage could
have been higher for some portions of the 12S gene. In regard to
their in situ analyses, PCR temperatures did not match the recom-
mended PCR conditions for the use of teleo (Valentini et al., 2016),
which could have led to suboptimal amplifications. Moreover, the
resolution power of markers, where assemblages were dominated
by the Cyprinidae family, poorly discriminated by teleo, could have
led to a lower detection of taxa. In contrast to Zhang et al., (2020),
our results show that teleo was performing slightly better in situ,
but the shorter amplicon length from this primer pair was associ-
ated with a lower taxonomic discrimination ability.
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FIGURE 4 Sampling sites considering three different geographic regions in different climatic zones and different ecosystems. The
sampling sites are the Rhone river (France; a), in proximity of the cities of Jons and Brangues, the Mediterranean Sea around Carry-le-
Rouet and the island of Porquerolles (France; a); and the Maroni River (French Guiana; b), upstream from the confluence with the Olemari
river for the first site and downstream from the Yalou Patapte locality for the second site. In situ evaluation of the species richness (c)
and total number of reads (d) recovered from both MiFish-U and teleo primer pairs across three different ecosystems, the Rhone river,
the Mediterranean Sea in temperate environments, and the Maroni River in tropical environments



POLANCO F. ET AL.

Environmental DNA

Wi LEYJﬂ

Contrasted with teleo, MiFish-U was significantly more resolu-
tive at the species level than teleo and showed a greater discrimi-
nation at higher taxonomic levels, which can be a useful feature in
the absence of a complete reference database. MiFish-U showed a
systematic superior discrimination both in the evaluation with the
neural network and with the quantification of species-level spec-
ificity from in silico PCRs (Figure 3). As a consequence, MiFish-U
could allow a better discriminative ability in environment with many
phylogenetically closely related species, such as resulting from re-
cent radiations (Doenz et al., 2018). Moreover, MiFish-U showed
good performance in situ and recovered only marginally less species
than teleo. This is corroborated by several empirical studies, where
MiFish-U showed high detection performance, such as the assess-
ment of marine protected areas (Gold et al., 2021) or in comparison
with fish trawling surveys (Afzali et al., 2021), but MiFish-U recently
showed limited performance in tropical freshwater environments
(Jackman et al., 2021). In contrast with MiFish-U, teleo showed more
limited power of taxonomic discrimination (Figure 3). In particular,
species within fish families that experienced recent diversification
were less discriminated such as Cichlidae (McGee et al., 2020), or
Salmonidae (Créte-Lafreniére et al., 2012). We found that teleo had
systematically lower species discrimination abilities than MiFish-U,
which could be caused by a lower length of the amplified region con-
taining less discriminatory motifs. Primer pairs amplifying short frag-
ments could show better result in tropical environments dominated
with rare species and assemblage with greater uniformity. Another
advantage of primer pairs amplifying short fragments is that they
can be "mass-produced" on, for example, Illumina NovaSeq (PE100
or PE150), while longer amplicons are restricted to, for example,
Illumina MiSeq (PE250 or PE300) with a lower output. Hence, small
fragments can be particularly relevant to get an estimation of biodi-
versity including less abundant species (Bylemans et al., 2018), but
at the cost of reduced discrimination.

Despite the good performance of 12S primer pairs, a major cur-
rent limitation is the low coverage of reference sequences (Collins
et al., 2019): efficient recovery of biodiversity and accurate taxo-
nomic assignments rely on the completeness and sequence quality
of the corresponding databases (Bylemans et al., 2018; Elbrecht &
Leese, 2017). When references are lacking, a complementary useful
feature is the ability of DNA motifs on the sequences to be con-
served phylogenetically, which would allow the eDNA reads to be
assigned to higher taxonomic levels. We compared the taxonomic
discrimination of MiFish-U and teleo, by training a neural network
analysis to evaluate whether DNA patterns found in MiFish-U and
teleo sequences allow deeper taxonomic discrimination at the genus
and family levels. When we examined the individual predictions of
the neural network along a fixed reference sequence, most confi-
dent, correct species-level predictions were achieved for most of
those two 12S hypervariable regions. While the discrimination
reached 97%, we show that overall, both primers had a reasonable
capacity to predict the genus and a lower capacity to predict family
taxonomic classes. Our results suggest that family assignments from
incomplete reference databases can be uncertain, especially for
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smaller sequences. As these hypervariable regions are well-known
and exploited features of 12S sequences, the ability to learn the im-
portance of these regions from training data is a demonstration that
the neural network captured important biological structure of 12S
present in both MiFish-U and teleo sequences. There are two ca-
veats to the application of neural networks to sequence taxonomic
assignments. First, we have only examined positive identification
over known families and genera, not how the results behave with
regard to sequences belonging to unknown taxa. Second, we have
done a limited exploration of network configuration and sizes only
and a more exhaustive search may find better-suited network archi-
tectures yet. Despite those limitations, the neural network applied in
our study provides a fair assessment of the family and genus assign-

ment signal considered.

5 | CONCLUSIONS

We compared two commonly used primer pairs, MiFish-U and teleo
and showed that each set displays strengths and weaknesses, but
also a potential to be complementary. While teleo showed better
amplification abilities in silico and better detection of taxa in situ,
it displayed lower discrimination abilities at the species, genus, and
family levels. In contrast, MiFish-U showed good discrimination abil-
ities for most of the families investigated. MiFish-U and teleo only
partially overlapped in simulated and empirical conditions. eDNA
applications should aim toward a set of primers that offer the ability
to obtain fish diversity in any aquatic ecosystems and the dual use of
MiFish-U and teleo offers such as opportunity. We recommend that
multiple primer pairs should be used in combination to increase spe-
cies detection probability (Blackman et al., 2021; Evans et al., 2016;
Miya et al., 2015; Shaw et al., 2016) when possible. Future design
optimization of primers should not focus on unique primer pairs,
but rather on primer combinations that allow for complete potential
reads of species with eDNA. While teleo seems more efficient on its
own, MiFish-U proposes already a set of four complementary prim-
ers that can be used to increase overall coverage (Kume et al., 2021).
With the reduction of sequencing costs, an optimized, multiprimer

approach should become a standard in future eDNA studies.

ACKNOWLEDGEMENTS

We thank Rupert Collins and an anonymous reviewer for comments
on the manuscript. The study was co-funded by the Instituto de
Investigaciones Marinas y Costeras (INVEMAR) through the project
“Investigacion cientifica hacia la generacién de informacion y cono-
cimiento de las zonas marinas y costeras de interés de la nacién’,
BPIN code 2017011000113. This study is the contribution num-
ber 1310 of the Instituto de Investigaciones Marinas y Costeras -
INVEMAR, Colombia. This project was supported by the ETH Global
grant and the Monaco Explorations Foundation. LP received funding
from the Swiss National Science Foundation for the project Reefish
(grant number 310030E-164294). We thank SPYGEN staff for tech-
nical support in the laboratory.



1124 ;
Environmental DNA
_I_Wl LEY e e

POLANCO F. eT AL.

Dedicated to the study and use of environmental DNA for basic and applied sciences

CONFLICT OF INTEREST

AV and TD are working in a private company selling eDNA services.
All authors declare that there is no conflict of interest regarding the
publication of this article.

AUTHOR CONTRIBUTIONS
LP, and APF jointly designed this study, APF, AV, BF, CA, ER, JCW,
and VM analyzed the data. LP, ER, and APF wrote a first draft and all

the authors contributed to writing the manuscript.

DATA AVAILABILITY STATEMENT

The data set containing the raw eDNA data for the manuscript can
be found in the following link: https://doi.org/10.6084/m9.figsh
are.14547078. Study Data for manuscript entitled "Comparing the
performance of mitochondrial primers for fish environmental DNA
across ecosystems". The full code for running the in silico PCR is pro-
vided in Genetic Diversity Centre (GDC)-Project Support Site (ethz.
ch) https://www.gdc-docs.ethz.ch/Projects/p463/site/

ORCID

Andrea Polanco F. " https://orcid.org/0000-0001-6121-5214

Loic Pellissier "= https://orcid.org/0000-0002-2289-8259

REFERENCES

Afzali, S. F., Bourdages, H., Laporte, M., Mérot, C., Normandeau, E.,
Audet, C., & Bernatchez, L. (2021). Comparing environmental me-
tabarcoding and trawling survey of demersal fish communities in
the Gulf of St. Lawrence, Canada. Environmental DNA, 3(1), 22-42.
https://doi.org/10.1002/edn3.111

Bagley, M., Pilgrim, E., Knapp, M., Yoder, C., Santo Domingo, J., & Baneriji,
A. (2019). High-throughput environmental DNA analysis informs a
biological assessment of an urban stream. Ecological Indicators, 104,
378-389. https://doi.org/10.1016/j.ecolind.2019.04.088

Balasingham, K. D., Walter, R. P., & Heath, D. D. (2017). Residual eDNA
detection sensitivity assessed by quantitative real-time PCR in a
river ecosystem. Molecular Ecology Resources, 17(3), 523-532.
https://doi.org/10.1111/1755-0998.12598

Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., &
Kauserud, H.(2010). TS asan environmental DNA barcode for fungi:
aninsilico approach reveals potential PCR biases. BMC Microbiology,
10(1), 1-9. https://doi.org/10.1186/1471-2180-10-189

Blackman, R. C., Osathanunku, M., Brantschen, J., Di Muri, C., Harper, L.,
Michler, E., Hanfling, B., & Altermatt, F. (2021). Mapping biodiver-
sity hotspots of fish communities in subtropical streams through
environmental DNA. Scientific Reports, 11(1), 10375. https://doi.
org/10.1038/s41598-021-89942-6

Boulanger, E., Loiseau, N., Valentini, A., Arnal, V., Boissery, P., Dejean, T.,
Deter, J., Guellati, N., Holon, F., Juhel, J.-B., Lenfant, P.,, Manel, S., &
Mouillot, D. (2021). Environmental DNA metabarcoding reveals and
unpacks a biodiversity conservation paradox in Mediterranean ma-
rine reserves. Proceedings of the Royal Society B: Biological Sciences,
288(1949),20210112. https://doi.org/10.1098/rspb.2021.0112

Boussarie, G., Bakker, J., Wangensteen, O. S., Mariani, S., Bonnin, L.,
Juhel, J. B., Kiszka, J. J., Kulbicki, M., Manel, S., Robbins, W. D.,
Vigliola, L., & Mouillot, D. (2018). Environmental DNA illuminates
the dark diversity of sharks. Science Advances, 4(5), eaap9661.
https://doi.org/10.1126/sciadv.aap9661

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P., & Coissac, E.
(2016). OBITOOLS: a UNIX-inspired software package for DNA
metabarcoding. Molecular Ecology Resources, 16, 176-182.

Busia, A., Dahl, G. E., Fannjiang, C., Alexander, D. H., Dorfman, E., Poplin,
R., McLean, C.Y., Chang, P., & DePristo, M. (2019). A deep learning
approach to pattern recognition for short DNA sequences. BioRxiv,
353474. https://doi.org/10.1101/353474

Bylemans, J., Furlan, E. M., Gleeson, D. M., Hardy, C. M., & Duncan, R.
P. (2018). Does size matter? An experimental evaluation of the rel-
ative abundance and decay rates of aquatic environmental DNA.
Environmental Science & Technology, 52(11), 6408-6416. https://doi.
org/10.1021/acs.est.8b01071

Bylemans, J., Gleeson, D. M., Hardy, C. M., & Furlan, E. (2018). Toward an
ecoregion scale evaluation of eDNA metabarcoding primers: A case
study for the freshwater fish biodiversity of the Murray-Darling
Basin (Australia). Ecology and Evolution, 8(17), 8697-8712. https://
doi.org/10.1002/ece3.4387

Cannon, M. V,, Hester, J., Shalkhauser, A., Chan, E. R, Logue, K., Small,
S. T., & Serre, D. (2016). In silico assessment of primers for eDNA
studies using PrimerTree and application to characterize the bio-
diversity surrounding the Cuyahoga River. Scientific Reports, 6(1),
1-11. https://doi.org/10.1038/srep22908

Cantera, |, Cilleros, K., Valentini, A., Cerdan, A., Dejean, T., Iribar, A,
Taberlet, P, Vigouroux, R., & Brosse, S. (2019). Optimizing environ-
mental DNA sampling effort for fish inventories in tropical streams
and rivers. Scientific Reports, 9(1), 1-11. https://doi.org/10.1038/
s41598-019-39399-5

Chovanec, A., Hofer, R., & Schiemer, F. (2003). Fish as bioindicators. In
B.A. Markert A.M. Breure & H.G. Zechmeister (Eds.), Bioindicators
& biomonitors: Principles concepts and applications, Trace metals
and other contaminants in the environment (Vol. 6, pp. 639-676).
Elsevier.

Cilleros, K., Valentini, A., Allard, L., Dejean, T., Etienne, R., Grenouillet, G.,
Iribar, A., Taberlet, P., Vigouroux, R., & Brosse, S. (2019). Unblocking
biodiversity and conservation studies in high-diversity environ-
ments using environmental DNA (eDNA): A test with Guianese
freshwater fishes. Molecular Ecology Resources, 19(1), 27-46.

Civade, R., Dejean, T., Valentini, A., Roset, N., Raymond, J.-C., Bonin, A,
Taberlet, P., & Pont, D. (2016). Spatial Representativeness of envi-
ronmental DNA metabarcoding signal for fish biodiversity assess-
ment in a natural freshwater system. PLoS One, 11(6), e0157366.
https://doi.org/10.1371/journal.pone.0157366

Clarke, L. J.,Soubrier, J., Weyrich, L.S., & Cooper, A.(2014). Environmental
metabarcodes for insects: In silico PCR reveals potential for taxo-
nomic bias. Molecular Ecology Resources, 14(6), 1160-1170. https://
doi.org/10.1111/1755-0998.12265

Collins, R. A., Bakker, J., Wangensteen, O. S., Soto, A. Z., Corrigan, L.,
Sims, D. W., Martin, J. G., & Mariani, S. (2019). Non-specific am-
plification compromises environmental DNA metabarcoding with
COl. Methods in Ecology and Evolution, 10, 1985-2001. https://doi.
org/10.1111/2041-210X.13276

Cordier, T., Alonso-Saez, L., Apothéloz-Perret-Gentil, L., Aylagas, E.,
Bohan, D. A., Bouchez, A., Chariton, A., Creer, S., Friihe, L., Keck, F.,
Keeley, N., Laroche, O., Leese, F., Pochon, X., Stoeck, T., Pawlowski,
J., & Lanzén, A. (2020). Ecosystems monitoring powered by en-
vironmental genomics: a review of current strategies with an im-
plementation roadmap. Molecular Ecology, 00, 1-22. https://doi.
org/10.1111/mec.15472

Créte-Lafreniére, A., Weir, L. K., & Bernatchez, L. (2012). Framing the
Salmonidae family phylogenetic portrait: a more complete picture
from increased taxon sampling. PLoS One, 7, e46662. https://doi.
org/10.1371/journal.pone.0046662

Deiner, K., Bik, H. M., Machler, E., Seymour, M., Lacoursiere-Roussel, A.,
Altermatt, F., Creer, S., Bista, I., Lodge, D. M., de Vere, N., Pfrender,
M. E., & Bernatchez, L. (2017). Environmental DNA metabarcoding:
Transforming how we survey animal and plant communities. Molecular
Ecology, 26(21), 5872-5895. https://doi.org/10.1111/mec.14350

Doenz, C. J., Bittner, D., Vonlanthen, P., Wagner, C. E., & Seehausen,
0. (2018). Rapid buildup of sympatric species diversity in Alpine


https://doi.org/10.6084/m9.figshare.14547078
https://doi.org/10.6084/m9.figshare.14547078
https://www.gdc-docs.ethz.ch/Projects/p463/site/
https://orcid.org/0000-0001-6121-5214
https://orcid.org/0000-0001-6121-5214
https://orcid.org/0000-0002-2289-8259
https://orcid.org/0000-0002-2289-8259
https://doi.org/10.1002/edn3.111
https://doi.org/10.1016/j.ecolind.2019.04.088
https://doi.org/10.1111/1755-0998.12598
https://doi.org/10.1186/1471-2180-10-189
https://doi.org/10.1038/s41598-021-89942-6
https://doi.org/10.1038/s41598-021-89942-6
https://doi.org/10.1098/rspb.2021.0112
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1101/353474
https://doi.org/10.1021/acs.est.8b01071
https://doi.org/10.1021/acs.est.8b01071
https://doi.org/10.1002/ece3.4387
https://doi.org/10.1002/ece3.4387
https://doi.org/10.1038/srep22908
https://doi.org/10.1038/s41598-019-39399-5
https://doi.org/10.1038/s41598-019-39399-5
https://doi.org/10.1371/journal.pone.0157366
https://doi.org/10.1111/1755-0998.12265
https://doi.org/10.1111/1755-0998.12265
https://doi.org/10.1111/2041-210X.13276
https://doi.org/10.1111/2041-210X.13276
https://doi.org/10.1111/mec.15472
https://doi.org/10.1111/mec.15472
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1111/mec.14350

POLANCO F. ET AL.

Environmental DNA

whitefish. Ecology and Evolution, 8(18), 9398-9412. https://doi.
org/10.1002/ece3.4375

Elbrecht, V., & Leese, F. (2017). Validation and development of COI
metabarcoding primers for freshwater macroinvertebrate bio-
assessment. Frontiers in Environmental Science, 5, 11. https://doi.
org/10.3389/fenvs.2017.00011

Evans, N. T., Li, Y., Renshaw, M. A., Olds, B. P., Deiner, K., Turner, C. R.,
Jerde, C. L., Lodge, D. M., Lamberti, G. A., & Pfrender, M. E. (2017).
Fish community assessment with eDNA metabarcoding: effects
of sampling design and bioinformatic filtering. Canadian Journal
of Fisheries and Aquatic Sciences, 74(9), 1362-1374. https://doi.
org/10.1139/cjfas-2016-0306

Evans, N. T,, Olds, B. P., Renshaw, M. A., Turner, C. R,, Li, Y., Jerde, C.
L., Mahon, A. R,, Pfrender, M. E., Lamberti, G. A., & Lodge, D. M.
(2016). Quantification of mesocosm fish and amphibian species di-
versity via environmental DNA metabarcoding. Molecular Ecology
Resources, 16(1), 29-41. https://doi.org/10.1111/1755-0998.12433

Ficetola, G. F., Canedoli, C., & Stoch, F. (2019). The Racovitzan imped-
iment and the hidden biodiversity of unexplored environments.
Conservation Biology, 33(1), 214-216. https://doi.org/10.1111/
cobi.13179

Ficetola, G. F., Coissac, E., Zundel, S., Riaz, T., Shehzad, W., Bessiére, J.,
Taberlet, P., & Pompanon, F. (2010). An in silico approach for the
evaluation of DNA barcodes. BMC Genomics, 11(1), 1-10. https://
doi.org/10.1186/1471-2164-11-434

Fierro, P., Valdovinos, C., Vargas-Chacoff, L., Bertran, C., & Arismendi, I.
(2017). Macroinvertebrates and fishes as bioindicators of stream water
pollution Water Quality (pp. 23-38). Intechopen.

Fujii, K., Doi, H., Matsuoka, S., Nagano, M., Sato, H., & Yamanaka, H.
(2019). Environmental DNA metabarcoding for fish commu-
nity analysis in backwater lakes: A comparison of capture meth-
ods. PLoS One, 14(1), €0210357. https://doi.org/10.1371/journ
al.pone.0210357

Gold, Z., Sprague, J., Kushner, D. J., Zerecero Marin, E., & Barber, P.
H. (2021). eDNA metabarcoding as a biomonitoring tool for ma-
rine protected areas. PLoS One, 16(2), e0238557. https://doi.
org/10.1371/journal.pone.0238557

Goldberg, C. S., Turner, C. R., Deiner, K., Klymus, K. E., Thomsen, P.
F., Murphy, M. A., Spear, S. F., McKee, A., Oyler-McCance, S. J.,
Cornman, R. S., Laramie, M. B., Mahon, A. R,, Lance, R. F,, Pilliod, D.
S., Strickler, K. M., Waits, L. P., Fremier, A. K., Takahara, T., Herder,
J.E., & Taberlet, P. (2016). Critical considerations for the application
of environmental DNA methods to detect aquatic species. Methods
in Ecology and Evolution, 7(11), 1299-1307.

Hanfling, B., Handley, L. L., Read, D. S., Hahn, C., Li, J., Nichols, P.,
Blackman, R. C., Oliver, A., & Winfield, I. J. (2016). Environmental
DNA metabarcoding of lake fish communities reflects long-term
data from established survey methods. Molecular Ecology, 25(13),
3101-3119. https://doi.org/10.1111/mec.13660

Hansen, M. J,, Madenijian, C. P, Slade, J. W., Steeves, T. B., Almeida, P.
R., & Quintella, B. R. (2016). Population ecology of the sea lam-
prey (Petromyzon marinus) as an invasive species in the Laurentian
Great Lakes and an imperiled species in Europe. Reviews in Fish
Biology and Fisheries, 26(3), 509-535. https://doi.org/10.1007/
s11160-016-9440-3

Holmlund, C. M., & Hammer, M. (1999). Ecosystem services generated by
fish populations. Ecological Economics, 29(2), 253-268. https://doi.
org/10.1016/50921-8009(99)00015-4

lwasaki, W., Fukunaga, T., Isagozawa, R., Yamada, K., Maeda, Y., Satoh,
T. P, Sado, T., Mabuchi, K., Takeshima, H., Miya, M., & Nishida, M.
(2013). MitoFish and MitoAnnotator: A mitochondrial genome da-
tabase of fish with an accurate and automatic annotation pipeline.
Molecular Biology and Evolution, 30(11), 2531-2540. https://doi.
org/10.1093/molbev/mst141

Jackman, J. M., Benvenuto, C., Coscia, I., Oliveira Carvalho, C., Ready,
J.S., Boubli, J. P, Magnusson, W. E., McDevitt, A. D., & Guimarées

gz SAVVA | EYJ—
Dedicated to the study and use of environmental DNA for basic and applied sciences

Sales, N. (2021). eDNA in a bottleneck: Obstacles to fish metabar-
coding studies in megadiverse freshwater systems. Environmental
DNA. http://dx.doi.org/10.1002/edn3.191

Jo, T., Murakami, H., Yamamoto, S., Masuda, R., & Minamoto, T. (2019).
Effect of water temperature and fish biomass on environmen-
tal DNA shedding, degradation, and size distribution. Ecology and
Evolution, 9(3), 1135-1146. https://doi.org/10.1002/ece3.4802

Kelly, R. P, Port, J. A., Yamahara, K. M., & Crowder, L. B. (2014).
Using environmental DNA to census marine fishes in a large
mesocosm. PLoS One, 9, e86175. https://doi.org/10.1371/journ
al.pone.0086175

Kindsvater, H. K., Dulvy, N. K., Horswill, C., Juan-Jorda, M., Mangel, M., &
Matthiopoulos, J. (2018). Overcoming the data crisis in biodiversity
conservation. Trends in Ecology & Evolution, 33(9), 676-688. https://
doi.org/10.1016/j.tree.2018.06.004

Komai, T., Gotoh, R. O., Sado, T., & Miya, M. (2019). Development of a
new set of PCR primers for eDNA metabarcoding decapod crus-
taceans. Metabarcoding and Metagenomics, 3, e33835. https://doi.
org/10.3897/mbmg.3.33835

Krause, L., Diaz, N. N., Goesmann, A., Kelley, S., Nattkemper, T. W,,
Rohwer, F., Edwards, R. A., & Stoye, J. (2008). Phylogenetic clas-
sification of short environmental DNA fragments. Nucleic Acids
Research, 36(7), 2230-2239. https://doi.org/10.1093/nar/gkn038

Kress, W. J., Garcia-Robledo, C., Uriarte, M., & Erickson, D. L. (2015). DNA
barcodes for ecology, evolution, and conservation. Trends in Ecology
& Evolution, 30, 25-35. https://doi.org/10.1016/j.tree.2014.10.008

Kume, M., Lavergne, E., Ahn, H., Terashima, Y., Kadowaki, K., Ye,
F., Kameyama, S., Kai, Y., Henmi, Y., Yamashita, Y., & Kasai, A.
(2021). Factors structuring estuarine and coastal fish commu-
nities across Japan using environmental DNA metabarcoding.
Ecological Indicators, 121, 107216. https://doi.org/10.1016/j.ecoli
nd.2020.107216

Lacoursiére-Roussel, A., Coté, G., Leclerc, V., & Bernatchez, L. (2016).
Quantifying relative fish abundance with eDNA: A promising tool
for fisheries management. Journal of Applied Ecology, 53(4), 1148-
1157. https://doi.org/10.1111/1365-2664.12598

Leese, F., Sander, M., Buchner, D., Elbrecht, V., Haase, P., & Zizka, V. M.
(2021). Improved freshwater macroinvertebrate detection from
environmental DNA through minimized non-target amplifica-
tion. Environmental DNA, 3(1), 261-276. https://doi.org/10.1002/
edn3.177

Leray, M., Ho, S. L., Lin, I. J., & Machida, R. J. (2018). MIDORI server:
a webserver for taxonomic assignment of unknown metazoan
mitochondrial-encoded sequences using a curated database.
Bioinformatics, 34(21), 3753-3754. https://doi.org/10.1093/bioin
formatics/bty454

MacDonald, A. J., & Sarre, S. D. (2017). A framework for developing and
validating taxon-specific primers for specimen identification from
environmental DNA. Molecular Ecology Resources, 17(4), 708-720.
https://doi.org/10.1111/1755-0998.12618

Marques, V., Guérin, P-E., Rocle, M., Valentini, A., Manel, S., Mouillot,
D., & Dejean, T. (2020). Blind assessment of vertebrate taxonomic
diversity across spatial scales by clustering environmental DNA
metabarcoding sequences. Ecography, 43, 1779-1790. https://doi.
org/10.1111/ecog.05049

Marquina, D., Andersson, A. F., & Ronquist, F. (2019). New mitochondrial
primers for metabarcoding of insects, designed and evaluated using
in silico methods. Molecular Ecology Resources, 19(1), 90-104.

McGee, M. D., Borstein, S. R., Meier, J. |, Marques, D. A., Mwaiko, S.,
Taabu, A., Kishe, M. A., O'Meara, B., Bruggmann, R., Excoffier, L., &
Seehausen, O. (2020). The ecological and genomic basis of explo-
sive adaptive radiation. Nature, 586(7827), 75-79.

Milhau, T., Valentini, A., Poulet, N., Roset, N., Jean, P., Gaboriaud, C., &
Dejean, T. (2019). Seasonal dynamics of riverine fish communities
using eDNA. Journal of Fish Biology, 98(2), 387-398. https://doi.
org/10.1111/jfb.14190



https://doi.org/10.1002/ece3.4375
https://doi.org/10.1002/ece3.4375
https://doi.org/10.3389/fenvs.2017.00011
https://doi.org/10.3389/fenvs.2017.00011
https://doi.org/10.1139/cjfas-2016-0306
https://doi.org/10.1139/cjfas-2016-0306
https://doi.org/10.1111/1755-0998.12433
https://doi.org/10.1111/cobi.13179
https://doi.org/10.1111/cobi.13179
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1371/journal.pone.0210357
https://doi.org/10.1371/journal.pone.0210357
https://doi.org/10.1371/journal.pone.0238557
https://doi.org/10.1371/journal.pone.0238557
https://doi.org/10.1111/mec.13660
https://doi.org/10.1007/s11160-016-9440-3
https://doi.org/10.1007/s11160-016-9440-3
https://doi.org/10.1016/S0921-8009(99)00015-4
https://doi.org/10.1016/S0921-8009(99)00015-4
https://doi.org/10.1093/molbev/mst141
https://doi.org/10.1093/molbev/mst141
http://dx.doi.org/10.1002/edn3.191
https://doi.org/10.1002/ece3.4802
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.1016/j.tree.2018.06.004
https://doi.org/10.1016/j.tree.2018.06.004
https://doi.org/10.3897/mbmg.3.33835
https://doi.org/10.3897/mbmg.3.33835
https://doi.org/10.1093/nar/gkn038
https://doi.org/10.1016/j.tree.2014.10.008
https://doi.org/10.1016/j.ecolind.2020.107216
https://doi.org/10.1016/j.ecolind.2020.107216
https://doi.org/10.1111/1365-2664.12598
https://doi.org/10.1002/edn3.177
https://doi.org/10.1002/edn3.177
https://doi.org/10.1093/bioinformatics/bty454
https://doi.org/10.1093/bioinformatics/bty454
https://doi.org/10.1111/1755-0998.12618
https://doi.org/10.1111/ecog.05049
https://doi.org/10.1111/ecog.05049
https://doi.org/10.1111/jfb.14190
https://doi.org/10.1111/jfb.14190

POLANCO F. eT AL.

1126 ;
Environmental DNA
—I—WI LE Y | smmmmemmmmmrrom——m—"

Dedicated to the study and use of environmental DNA for basic and applied sciences

Miya, M., Sato, Y., Fukunaga, T., Sado, T., Poulsen, J. Y., Sato, K.,
Minamoto, T., Yamamoto, S., Yamanaka, H., Araki, H., Kondoh, M.,
& Iwasaki, W. (2015). MiFish, a set of universal PCR primers for
metabarcoding environmental DNA from fishes: Detection of more
than 230 subtropical marine species. Royal Society Open Science,
2(7), 150088. https://doi.org/10.1098/rs0s.150088

Mouiillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., Harmelin-
Vivien, M., Kulbicki, M., Lavergne, S., Lavorel, S., Mouquet, N,
Paine, T., Renaud, J., & Thuiller, W. (2013). Rare species support vul-
nerable functions in high-diversity ecosystems. PLoS Biology, 11(5),
e€1001569. https://doi.org/10.1371/journal.pbio.1001569

Murphy, B. R., & Willis, D. W. (1996). Fisheries Techniques (2nd ed).
American Fisheries Society.

Nguyen, B. N., Shen, E. W., Seemann, J., Correa, A. M., O’'Donnell, J. L.,
Altieri, A. H., Knowlton, N., Crandall, K. A., Egan, S. P., McMillan, W.
0., & Leray, M. (2020). Environmental DNA survey captures pat-
terns of fish and invertebrate diversity across a tropical seascape.
Scientific Reports, 10(1), 1-14. https://doi.org/10.1038/541598-
020-63565-9

Nugent, C. M., & Adamowicz, S. J. (2020). Alignment-free classi-
fication of COl DNA barcode data with the python package
Alfie. Metabarcoding and Metagenomics, 4, €55815. https://doi.
org/10.3897/mbmg.4.55815

Pawlowski, J., Apothéloz-Perret-Gentil, L., Méachler, E., & Altermatt,
F. (2020). Environmental DNA Applications in Biomonitoring and
Bioassessment of Aquatic Ecosystems Guidelines. Federal Office for
the Environment (FOEN/BAFU). Environmental Studies, 2010, 71.

Pawlowski, J., Sp, A., Adl, S., Bass, D., Belbahri, L. D., Berney, C. D.,
Bowser, S. S., Cepicka, |., Decelle, J., Dunthorn, M., Fiore-Donno,
A. M,, Gile, G. H., Holzmann, M., Jahn, R., Jirku, M., Keeling, P. J.,
Kostka, M., Kudryavtsev, A, Lara, E., ... de Vargas, C. (2012). CBOL
Protist working group: Barcoding eukaryotic richness beyond the
animal, plant, and fungal kingdoms. PLoS Biology, 10(11), e1001419.
https://doi.org/10.1371/journal.pbio.1001419

Plaisance, L., Caley, M. J., Brainard, R. E., & Knowlton, N. (2011). The
diversity of coral reefs: what are we missing? PLoS One, 6(10),
e25026. https://doi.org/10.1371/journal.pone.0025026

Polanco Fernandez, A., Marques, V., Fopp, F., Juhel, J., Borrero, G. H.,
Cheutin, M. C., Dejean, T., Corredor, J., Acosta-Chaparro, A.,
Hocde, R., Eme, D., Maire, E., Spescha, M., Valentini, A., Manel, S.,
Mouillot, D., Albouy, C., & Pellissier, P. (2021). Comparing environ-
mental DNA metabarcoding and underwater visual census to mon-
itor tropical reef fishes. Environmental DNA, 3(1), 142-156. https://
doi.org/10.1002/edn3.140

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., Roset, N.,
Schabuss, M., Zornig, H., & Dejean, T. (2018). Environmental DNA
reveals quantitative patterns of fish biodiversity in large rivers de-
spite its downstream transportation. Scientific Reports, 8, 10361.
https://doi.org/10.1038/s41598-018-28424-8

R Development Core Team (2019). R: A Language And Environment For
Statistical Computing. R Foundation for Statistical Computing.
https://www.R-project.org/

Rabosky, D. L., Chang, J., Title, P. O., Cowman, P. F., Sallan, L., Friedman,
M., Kaschner, K., Garilao, C., Near, C. M., & Alfaro, M. E. (2018).
An inverse latitudinal gradient in speciation rate for marine fishes.
Nature, 559(7714), 392-395.

Robson, H. L., Noble, T. H., Saunders, R. J., Robson, S. K., Burrows, D.
W., & Jerry, D. R. (2016). Fine-tuning for the tropics: Application of
eDNA technology for invasive fish detection in tropical freshwater
ecosystems. Molecular Ecology Resources, 16(4), 922-932. https://
doi.org/10.1111/1755-0998.12505

Roff, G., Doropoulos, C., Rogers, A., Bozec, Y. M., Krueck, N. C., Aurellado,
E., Priest, M., Birrell, C., & Mumby, P. J. (2016). The ecological role of
sharks on coral reefs. Trends in Ecology & Evolution, 31(5), 395-407.
https://doi.org/10.1016/j.tree.2016.02.014

Sato, Y., Miya, M., Fukunaga, T., Sado, T., & Iwasaki, W. (2018). MitoFish
and MiFish pipeline: A mitochondrial genome database of fish
with an analysis pipeline for environmental DNA Metabarcoding.
Molecular Biology and Evolution, 35(6), 1553-1555. https://doi.
org/10.1093/molbev/msy074

Shaw, J. L., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, L. S.,
& Cooper, A. (2016). Comparison of environmental DNA metabar-
coding and conventional fish survey methods in a river system.
Biological Conservation, 197, 131-138. https://doi.org/10.1016/].
biocon.2016.03.010

So, K. Y. K., Fong, J. J., Lam, I. P. Y., & Dudgeon, D. (2020). Pitfalls during
in silico prediction of primer specificity for eDNA surveillance.
Ecosphere, 11(7), €03193. https://doi.org/10.1002/ecs2.3193

Stat, M., John, J., DiBattista, J. D., Newman, S. J., Bunce, M., & Harvey, E.
S.(2019). Combined use of eDNA metabarcoding and video surveil-
lance for the assessment of fish biodiversity. Conservation Biology,
33(1), 196-205. https://doi.org/10.1111/cobi.13183

Stein, R. W., Mull, C. G, Kuhn, T. S., Aschliman, N. C., Davidson, L. N. K,
Joy, J. B, Smith, G. J., Dulvy, N. K., & Mooers, A. O. (2018). Global
priorities for conserving the evolutionary history of sharks, rays
and chimaeras. Nature Ecology and Evolution, 2(2), 288-298. https://
doi.org/10.1038/541559-017-0448-4

Stone, R. (2007). The last of the leviathans. Science, 316(5832),
1684-1688.

Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C., & Willerslev, E.
(2012). Towards next-generation biodiversity assessment using
DNA metabarcoding. Molecular Ecology, 21(8), 2045-2050. https://
doi.org/10.1111/j.1365-294X.2012.05470.x

Thomsen, P. F., Mgller, P. R., Sigsgaard, E. E., Knudsen, S. W., Jgrgensen,
O. A, & Willerslev, E. (2016). Environmental DNA from seawa-
ter samples correlate with trawl catches of subarctic, deepwater
fishes. PLoS One, 11(11), e0165252. https://doi.org/10.1371/journ
al.pone.0165252

Tsirogiannis, C., & Sandel, B. (2015). PhyloMeasures: A package for
computing phylogenetic biodiversity measures and their statisti-
cal moments. Ecography, 39(7), 709-714. https://doi.org/10.1111/
ecog.01814

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen,
P. F., Bellemain, E., Besnard, A., Coissac, E., Boyer, F., Gaboriaud,
C., Jean, P,, Poulet, N., Roset, N., Copp, G. H., Geniez, P, Pont, D,
Argillier, C., Baudoin, J., ... Dejean, T. (2016). Next-generation mon-
itoring of aquatic biodiversity using environmental DNA metabar-
coding. Molecular Ecology, 25(4), 929-942. https://doi.org/10.1111/
mec.13428

Weigand, H., Beermann, A. J., Ciampor, F.,Costa, F. O., Csabai, Z., Duarte,
S., Geiger, M. F., Grabowski, M., Rimet, F., Rulik, B., Strand, M.,
Szucsich, N., Weigand, A. M., Willassen, E., Wyler, S. A., Bouchez,
A., Borja, A, Ciamporova-Zatovicova, Z., Ferreira, S., ... Ekrem,
T. (2019). DNA barcode reference libraries for the monitoring of
aquatic biota in Europe: Gap-analysis and recommendations for fu-
ture work. Science of the Total Environment, 678, 499-524. https://
doi.org/10.1016/j.scitotenv.2019.04.247

West, K. M., Stat, M., Harvey, E. S., Skepper, C. L., DiBattista, J. D.,
Richards, Z. T., Travers, M. J.,, Newman, S. J., & Bunce, M. (2020).
eDNA metabarcoding survey reveals fine-scale coral reef commu-
nity variation across a remote, tropical island ecosystem. Molecular
Ecology, 29(6), 1069-1086. https://doi.org/10.1111/mec.15382

Wilcox, T. M., McKelvey, K. S., Young, M. K., Jane, S. F.,, Lowe, W. H., Whiteley,
A. R., & Schwartz, M. K. (2013). Robust detection of rare species using
environmental DNA: The importance of primer specificity. PLoS One,
8(3), €59520. https://doi.org/10.1371/journal.pone.0059520

Xia, Z., Zhan, A., Gao, Y., Zhang, L., Haffner, G. D., & Maclsaac, H. J.
(2018). Early detection of a highly invasive bivalve based on en-
vironmental DNA (eDNA). Biological Invasions, 20(2), 437-447.
https://doi.org/10.1007/s10530-017-1545-7


https://doi.org/10.1098/rsos.150088
https://doi.org/10.1371/journal.pbio.1001569
https://doi.org/10.1038/s41598-020-63565-9
https://doi.org/10.1038/s41598-020-63565-9
https://doi.org/10.3897/mbmg.4.55815
https://doi.org/10.3897/mbmg.4.55815
https://doi.org/10.1371/journal.pbio.1001419
https://doi.org/10.1371/journal.pone.0025026
https://doi.org/10.1002/edn3.140
https://doi.org/10.1002/edn3.140
https://doi.org/10.1038/s41598-018-28424-8
https://www.R-project.org/
https://doi.org/10.1111/1755-0998.12505
https://doi.org/10.1111/1755-0998.12505
https://doi.org/10.1016/j.tree.2016.02.014
https://doi.org/10.1093/molbev/msy074
https://doi.org/10.1093/molbev/msy074
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1002/ecs2.3193
https://doi.org/10.1111/cobi.13183
https://doi.org/10.1038/s41559-017-0448-4
https://doi.org/10.1038/s41559-017-0448-4
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1371/journal.pone.0165252
https://doi.org/10.1371/journal.pone.0165252
https://doi.org/10.1111/ecog.01814
https://doi.org/10.1111/ecog.01814
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
https://doi.org/10.1016/j.scitotenv.2019.04.247
https://doi.org/10.1016/j.scitotenv.2019.04.247
https://doi.org/10.1111/mec.15382
https://doi.org/10.1371/journal.pone.0059520
https://doi.org/10.1007/s10530-017-1545-7

POLANCO F. ET AL.

Environmental DNA — Wl LEY 1127

Yamamoto, S., Masuda, R., Sato, Y., Sado, T., Araki, H., Kondoh, M.,
Minamoto, T., & Miya, M. (2017). Environmental DNA metabar-
coding reveals local fish communities in a species-rich coastal sea.
Scientific Reports, 7, 40368. https://doi.org/10.1038/srep40368

Zhang, S., Zhao, J., & Yao, M. (2020). A comprehensive and compara-
tive evaluation of primers for metabarcoding eDNA from fish.
Methods in Ecology and Evolution, 11(12), 1609-1625. https://doi.
org/10.1111/2041-210X.13485

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

Open Access
Dedicated to the study and use of environmental DNA for basic and applied sciences

How to cite this article: Polanco F., A., Richards, E., Fliick, B.,
Valentini, A., Altermatt, F., Brosse, S., Walser, J.-C., Eme, D.,
Marques, V., Manel, S., Albouy, C., Dejean, T., & Pellissier, L.
(2021). Comparing the performance of 12S mitochondrial
primers for fish environmental DNA across ecosystems.
Environmental DNA, 3, 1113-1127. https://doi.org/10.1002/
edn3.232



https://doi.org/10.1038/srep40368
https://doi.org/10.1111/2041-210X.13485
https://doi.org/10.1111/2041-210X.13485
https://doi.org/10.1002/edn3.232
https://doi.org/10.1002/edn3.232

