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Abstract

DNA metabarcoding from the ethanol used to store macroinvertebrate bulk samples
is a convenient methodological option in molecular biodiversity assessment and bio-
monitoring of aquatic ecosystems, as it preserves specimens and reduces problems
associated with sample sorting. However, this method may be affected by errors and
biases, which need to be thoroughly quantified before it can be mainstreamed into
biomonitoring programmes. Here, we used 80 unsorted macroinvertebrate samples
collected in Portugal under a Water Framework Directive monitoring programme,
to compare community diversity and taxonomic composition metrics estimated
through morphotaxonomy versus metabarcoding from storage ethanol using three
markers (COI-M19BR2, 16S-Inse01 and 18S-Euka02) and a multimarker approach.
A preliminary in silico analysis showed that the three markers were adequate for
the target taxa, with detection failures related primarily to the lack of adequate bar-
codes in public databases. Metabarcoding of ethanol samples retrieved far less taxa
per site (alpha diversity) than morphotaxonomy, albeit with smaller differences for
COI-M19BR2 and the multimarker approach, while estimates of taxa turnover (beta
diversity) among sites were similar across methods. Using generalized linear mixed
models, we found that after controlling for differences in read coverage across sam-
ples, the probability of detection of a taxon was positively related to its proportional
abundance, and negatively so to the presence of heavily sclerotized exoskeleton (e.g.,
Coleoptera). Overall, using our experimental protocol with different template dilu-
tions, the COI marker showed the best performance, but we recommend the use of
a multimarker approach to detect a wider range of taxa in freshwater macroinver-
tebrate samples. Further methodological development and optimization efforts are
needed to reduce biases associated with body armouring and rarity in some macroin-

vertebrate taxa.
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1 | INTRODUCTION

Biological monitoring (i.e., biomonitoring) is a key element of inte-
grated freshwater management (Jackson et al., 2016), which is man-
datory under regulations such as the European Water Framework
Directive (WFD; Directive 2000/60/EC) and the 1972 US Clean
Water Act. Biomonitoring provides information on spatial and tem-
poral trends in the ecological state of ecosystems, allowing recogni-
tion of current or forthcoming threats and enacting early corrective
measures where needed (Jackson et al., 2016). To meet these goals,
biomonitoring commonly requires a taxonomical characterization
(e.g., species richness, composition, and relative or absolute abun-
dances) of the communities of target organisms such diatoms, mac-
rophytes, benthic macroinvertebrates or fish. These community
parameters are then used to compute biological indices reflecting
the degree of stressor impacts at sampling sites (Jackson et al., 2016;
Pawlowski et al., 2018). Traditionally, such characterization involves
expensive, laborious and time-consuming morphological identifica-
tion of organisms, which requires high taxonomic expertise, provides
limited taxonomic resolution for early life stages, and strongly con-
strains the spatial and temporal coverage of sites that can be sampled
(Baird & Hajibabaei, 2012; Leese et al., 2016). During the past de-
cade, it was demonstrated that these constraints can at least partly
be offset by molecular techniques such as DNA metabarcoding,
which allows the identification of multiple taxa from environmental
samples using standard genetic markers (Baird & Hajibabaei, 2012;
Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012).
Consequently, efforts have been undertaken to integrate metabar-
coding in freshwater monitoring (Elbrecht & Steinke, 2019; Feio
et al., 2020; Leese et al., 2016; Pawlowski et al., 2018), which for or-
ganisms such as diatoms have succeeded in producing methods that
are virtually ready for practical application (Apothéloz-Perret-Gentil
et al., 2017; Cordier, Lanzén, Apothéloz-Perret-Gentil, Stoeck, &
Pawlowski, 2019; Mortagua et al., 2019; Visco et al., 2015), whereas
for others, a great deal of optimization and standardization is still
needed (Pawlowski et al., 2018).

Benthic macroinvertebrates are a group of organisms widely
used in freshwater monitoring (Jackson et al., 2016), for which there
are still uncertainties on the best molecular approaches to replace
morphological methods (Blackman et al., 2019; Bush et al., 2019).
One approach involves the metabarcoding of environmental DNA
(eDNA) extracted from water samples, but recent studies suggest
that this may be largely unsuitable to characterize local communities
of macroinvertebrate indicator taxa (Macher et al., 2018; Pereira-da-
Conceicoa et al., 2019). More frequently, the proposed approaches
aim at replicating as closely as possible the traditional methods, and
they involve collecting macroinvertebrate bulk samples in the field,

separating individuals from stones, twigs, algae and other materials,

grinding each sorted sample to produce a tissue homogenate, and
DNA metabarcoding of a subsample of the homogenate (Elbrecht &
Steinke, 2019). This approach has proved successful at retrieving the
taxa identified morphologically (Elbrecht, Vamos, Meissner, Aroviita,
& Leese, 2017; Emilson et al., 2017; Serrana, Miyake, Gamboa, &
Watanabe, 2019), but (a) it involves the destruction of samples,
which is incompatible with the sample preservation requirements of
national regulatory agencies (e.g., under WFD), and (b) it maintains
the sorting step that is time consuming and may increase the chances
of cross-contamination (Elbrecht, Peinert, & Leese, 2017). Sorting
can potentially be reduced by grinding unsorted bulks after remov-
ing only the very coarse materials (Hajibabaei et al., 2019; Majaneva,
Diserud, Eagle, Hajibabaei, & Ekrem, 2018), making the approach
more expeditious, yet it does not avoid sample destruction. To offset
these problems, metabarcoding can be performed using DNA ex-
tracted from the solution used to preserve the invertebrate samples,
usually ethanol, as organisms release cells and free DNA into the
preservative medium (Shokralla, Singer, & Hajibabaei, 2010). Studies
have shown that DNA extracted from preservative solution can in-
deed detect the organisms present in mock communities (Carew,
Coleman, & Hoffmann, 2018; Gauthier et al., 2020; Hajibabaei,
Spall, Shokralla, & van Konynenburg, 2012; Nielsen, Gilbert, Pape, &
Bohmann, 2019; Shokralla et al., 2010), with a few additional stud-
ies also showing promising results using coarse and unsorted field
samples, that contain potential PCR inhibitors from river substrate
and organic matter (Martins et al., 2019; Zizka, Leese, Peinert, &
Geiger, 2019). However, further research is needed on potential lim-
itations and shortcomings associated with this approach (Blackman
et al., 2019; Bush et al., 2019).

Previous studies have underlined that metabarcoding of pre-
servative solutions may have differential ability to detect different
macroinvertebrate taxa, which may introduce biases in estimates of
the taxonomic composition of bulk samples (reviewed in Table 1).
Some of these biases are transversal to metabarcoding workflows
and include (a) the lack of complete barcoding reference database,
limiting sequence identification at lower taxonomic ranks in less rep-
resented groups (Elbrecht et al., 2017; Erdozain et al., 2019; Weigand
et al., 2019), and (b) primer specificity causing some taxonomic
groups to be rarely amplified or missed altogether under certain
conditions (Carew et al., 2018; Elbrecht & Leese, 2017b; Elbrecht
et al., 2017). Other biases are related to (c) the amount of DNA of
the target organisms in samples that, albeit observed in tissue-based
metabarcoding approaches, may have a greater impact in preserva-
tive solutions driven by DNA release behaviours of organisms to the
medium. When concentration of its DNA is very low, a taxon may
be missed during preservative subsampling for DNA extraction or
during the PCR amplification step, and so its detection probability

would be low. Therefore, detection probabilities from preservative
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TABLE 1 Review of potential errors and biases in taxonomic recovery from metabarcoding of solutions preserving freshwater

macroinvertebrate bulk samples, identified in this and previous studies

Method-
specific ? Description References
Technical biases
Marker adequacy
(i) Reference databases No Certain taxa are still missed because they are not well Erdozain et al. (2019); this
represented in reference databases study
(i) Primer specificity No “Universal” COIl markers tested so far often miss non- Carew et al. (2018), Hajibabaei
Insecta taxa (Mollusca, Annelida and Platyhelminthes), et al. (2012) and Zizka
even when more than one primer set is used et al. (2019); this study
(iii) Bioinformatics No Certain taxa are discarded during attribute filtering by this study
size in COl (e.g., Platyhelminthes, Mollusca and Diptera)
Time of bulk fixation Yes Shorter periods (e.g., 1-5 days) decrease DNA yields and Martins et al. (2019)
reduce taxonomic recovery
Preprocessing steps Yes Taxonomic recovery increases when applying whole Zizka et al. (2019)
sample freezing (liquid nitrogen) but decreases when
using the first ethanol phase in which specimens were
preserved after sampling
DNA extraction Yes Mechanical lysis is less efficient in recovering taxa than Martins et al. (2019)
enzymatic lysis, and DNA is likely to be captured more
efficiently by magnetic beads than by column-based
methods
Biological biases
Abundance/biomass no Rare taxa or taxa with low biomass (e.g., Ephemeroptera, Erdozain et al. (2019) and
Trichoptera) are often missed Hajibabaei et al. (2012); this
study
Body size no Small taxa (e.g., Hydrophilidae, Trombidiformes) are less Carew et al. (2018) and Zizka
likely to be detected et al. (2019)
Body structure
(i) Sclerotization Yes More sclerotized taxa (e.g., Hemiptera, Coleoptera, Carew et al. (2018) and Zizka
Amphipoda) are often missed likely because they et al. (2019); this study
release less DNA to the medium
(i) Protective cases Yes Cased and shelled forms (e.g., certain Trichoptera Carew et al. (2018) and Zizka

families, Mollusca) are often missed compared to

et al. (2019); this study

noncased sister groups

dIndicates which biases are mainly associated with metabarcoding of preservative samples.

should be higher for taxa that are abundant and/or have high biomass
than for taxa that are rare and/or have low biomass, since the DNA
in solution will be more concentrated for the former than the latter
(Carew et al., 2018; Erdozain et al., 2019; Hajibabaei et al., 2012).
The amount of DNA in solution for a given taxon may also be condi-
tioned by the body characteristics of individuals (Carew et al., 2018).
Organisms that are soft bodied (e.g., Oligochaeta) may readily re-
lease cells or free DNA to the surrounding solution, and thus have
higher probability of detection than organisms possessing a heavy
chitinous exoskeleton (e.g., adults of Coleoptera), or with soft tissues
protected by a shell (e.g., Mollusca) or a case (e.g., some Trichoptera;
Carew et al., 2018; Zizka et al., 2019). The detection probabilities may
also be lower for small-bodied organisms since they have a smaller
body surface in contact with solution compared to larger-bodied
organisms, though this has not been detected in previous studies
(Carew et al., 2018; Erdozain et al., 2019; Zizka et al., 2019). Although

these problems have been previously identified, their impacts on the

results of metabarcoding from preservative solutions still need to be
quantified in detail.

In this study, we assessed biases in the taxonomic recovery of
freshwater macroinvertebrates from the metabarcoding of ethanol
used to preserve unsorted bulk samples, and we evaluated how
they may affect the practical application of this approach in mon-
itoring programmes. First, we assessed the adequacy of different
markers to recover targeted taxa using both in silico analysis and a
mock community sample (positive control), and then, we quantified
metabarcoding biases using a realistic setting, involving 80 samples
collected across Central Portugal in the scope of a national WFD
monitoring programme. In the latter analysis, we compared detec-
tions of each taxon using metabarcoding and morphological identi-
fication, and applied a modelling approach to (a) estimate variation
in probabilities of detection of each taxon in relation to per-sample
sequencing depth, and (b) relate probabilities of detection to ab-

solute and relative abundances, sample richness, and to the body
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characteristics of each taxon, while controlling for variations in se-
quencing depth. To further test whether biases were conditional on
metabarcoding markers, analyses were carried out in three genomic
regions commonly used in the study of benthic macroinvertebrates:
the mitochondrial cytochrome oxidase | (namely 5’-COl region), the
mitochondrial 16S rRNA and the nuclear 18S rRNA genes. Finally, we
produced a multimarker data set by combining information from the
three markers, which is expected to overcome some of the limitations
of each individual marker (Cowart et al., 2015; Stefanni et al., 2018;
Wangensteen, Palacin, Guardiola, & Turon, 2018). Our results show
that metabarcoding of preservative ethanol produces strong bias
against rare and hard-bodied taxa, which needs to be overcome if
this approach is to be adopted in monitoring programmes.

2 | METHODS
2.1 | Macroinvertebrate sampling

The study was carried out in central Portugal, over an area of
about 11,215 km? encompassing the watersheds of the Vouga,
Mondego and Lis rivers (details in Mendes, Calapez, Elias, Almeida,
& Feio, 2014; Mortagua et al., 2019). Bulk samples were obtained in
the spring of 2017 at 80 river sites, following the Portuguese official
protocols for collection of benthic macroinvertebrates in lotic sys-
tems (INAG, 2008). Briefly, a 50-m sector of stream was selected at
each sampling site, and six macroinvertebrate subsamples were col-
lected by kick-sampling using a kick-net with 0.25-m? opening and
500-um mesh size, and covering the most representative habitats
proportionally to their area in the sector. Each subsample involved
kick/sweep sampling of 1-m stream length in the upstream direction.
All subsamples within a site were pooled into a single bulk sample,
preserved in nondenatured 96% ethanol (UN1170) with an approxi-

mate ethanol:bulk ratio of 3:1 and stored at room temperature.

2.2 | Laboratory procedures
2.2.1 | Morphotaxonomy

Macroinvertebrate samples were sorted and identified taxonomi-
cally at family level by an experienced researcher habilitated to pro-
cess samples collected under the WFD. The number of individuals of
each taxon in each sample was recorded. Identification was carried
out at the family level because this is the resolution used in Portugal
to estimate WFD-based Ecological Quality Indices for freshwater
benthic macroinvertebrates (INAG, 2008).

2.2.2 | Metabarcoding

For metabarcoding, we used the 80 samples collected in the field

and a positive control with a mix of DNA extracted from specimens

representing 55 macroinvertebrate families commonly recorded
in our study area (Table S1). After careful manual shaking, 10 ml
of preservative ethanol was taken from each macroinvertebrate
bulk sample around 20 days after field sampling and transferred to
an individual 15-ml falcon tube where they were stored at -20°C
until DNA extraction. Prior to DNA extraction, a 2 ml subsam-
ple was taken from each falcon tube and ethanol was completely
evaporated using an Eppendorf vacuum concentrator. Genomic
DNA was then extracted with the column-based E.Z.N.A.® Tissue
DNA Kit protocol (Omega BioTek, Inc.), using the InhibitEX® Buffer
(QIAGEN) instead of the manufacturer's lysis buffer, as described in
Martins et al. (2019). At the final elution step, DNA was recovered
from the spin column using 70 pl Elution Buffer incubated for 5 min
at room temperature before the final centrifuge, diluted 1:2 (DNA
extract:total volume) with ultrapure water and transferred to a mi-
croplate. Although E.Z.N.A.® was not the best extraction method
identified by Martins et al. (2019), we used it because it performed
close to the best in ethanol samples taken >10 days after field sam-
pling, and it was easier to implement for processing a large number
of samples. Extractions were performed in batches of 24, including
one extraction negative control, on a vacuum manifold (QIAGEN) to
minimize cross-contamination. Extraction replication was not per-
formed due to the low variability in taxa composition among repli-
cates found by Martins et al. (2019).

For PCR amplification, we used one marker per each of three
genomic regions, which together were expected to detect most mac-
roinvertebrate taxa: COl, 16S and 18S (Table 2). A COIl marker (COI-
M19BR2) was used because this gene is commonly recommended
for metazoans due to its high taxonomic resolution, lower taxo-
nomic inflation and comprehensive reference databases (Andujar,
Arribas, Yu, Vogler, & Emerson, 2018; Clarke, Beard, Swadling, &
Deagle, 2017; Flynn, Brown, Chain, Macisaac, & Cristescu, 2015), al-
though it contains poor conserved regions for suitable primer design,
which may contribute to strong amplification biases (Deagle, Jarman,
Coissac, Pompanon, & Taberlet, 2014; Elbrecht & Leese, 2017b).
COI-M19BR2 was found previously to consistently amplify
Ephemeroptera, Plecoptera, Trichoptera and Odonata (EPTO) taxa
(Martins et al., 2019), which are widely considered the best mac-
roinvertebrate indicators of freshwater biological quality (Bonada,
Rieradevall, Prat, & Resh, 2006). Although we also tested the widely
used COI-BF1BR1 (Elbrecht & Leese, 2017b) to enhance compara-
bility with other studies, it was later discarded due to amplification
problems. A 16S marker (16S-Inse01) was used because this gene
comprises more conserved regions than COI, reducing the chance
of primer-template mismatches and is thus expected to exhibit
lower taxonomic bias (Clarke, Soubrier, Weyrich, & Cooper, 2014;
Deagle et al., 2014), though it provides lower taxonomic resolution
and in many geographic regions it is less represented in reference
databases (Clarke et al., 2014; Elbrecht et al., 2016). 16S-Inse01
was expected to provide high detection ability for a wide range of
insect taxa (Taberlet, Bonin, Zinger, & Coissac, 2018), which usu-
ally dominate freshwater macroinvertebrate samples. Finally, we
used an 18S marker (185-Euka02) due to the ability of this gene to
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TABLE 2 Description of metabarcoding markers used

Gene-marker Length range (bp)® Primer name
COI-M19BR2 305-322 Martins-2019-COI_Fw
BR2
COI-BF1BR1° — BF1
BR1
16S-Inse01 70-197 Inse01_F
Inse01_R
18S-Euka02 68-202 Euka02_F
Euka02_R
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Primer sequence (5'-3’) Reference
GGNTGAACHGTHTAYCCHCC Martins

etal. (2019)
TCDGGRTGNCCRAARAAYCA Elbrecht and Leese

(2017b)
ACWGGWTGRACWGTNTAYCC Elbrecht and Leese

(2017b)
ARYATDGTRATDGCHCCDGC Elbrecht and Leese

(2017b)
RGACGAGAAGACCCTATARA Taberlet et al.

(2018)
ACGCTGTTATCCCTAARGTA Taberlet et al.

(2018)
TTTGTCTGSTTAATTSCG Guardiola

et al. (2015)
CACAGACCTGTTATTGC Guardiola

et al. (2015)

*The COI-BF1BR1 marker was initially used, but it was later discarded due to low amplification success.

bAmplicon length range given by in silico amplification (see Section 2) for target families and incorporated into the bioinformatic pipeline.

screen a wide range of metazoan groups (Chain, Brown, Macisaac,
& Cristescu, 2016; Zhan, Bailey, Heath, & Macisaac, 2014), although
it may have relatively low taxonomic resolution for certain groups.
18S-Euka02 marker was expected to allow the detection of non-Ar-
thropoda phyla (e.g., Platyhelminthes, Annelida, Mollusca; Taberlet
et al., 2018), which are also common in freshwater macroinverte-
brate samples.

PCR amplifications of 16S-Inse01 and 18S-Euka02 were made
at the Laboratoire d’Ecologie Alpine (LECA, France). Each 20-pl PCR
contained 10 pl of AmpliTag Gold Master Mix (Applied Biosystems™),
0.2 uM of each indexed primer, 5.84 pl ultrapure water, 0.04 ug of
bovine serum albumin (Roche Diagnostic and 2 ul of DNA diluted
1:20 in total. After an initial denaturation cycle at 95°C for 10 min,
45 cycles (16S-Inse01) or 50 cycles (185-Euka02) of 30 s at 95°C,
30-s annealing at 52°C (16S-Inse01) or 45°C (18S-Euka02) and 60-s
extension at 72°C were performed, followed by a final elongation
at 72°C for 7 min. Number of cycles and the dilution ratio were de-
termined through qPCR beforehand to improve amplification suc-
cess in these two markers. All PCR amplifications were performed
in quadruplicate, including the positive control (i.e., mock sample)
and three types of negative controls (tag, extraction and PCR; plate
scheme: Figure S1). PCR products were pooled and sent to Fasteris
SA for library preparation using the MetaFast protocol (www.
fasteris.com/metafast; Taberlet et al., 2018). PCR amplification
of COI-M19BR2 was performed at CIBIO Laboratories following
the two-step protocol described in Martins et al. (2019) with few
modifications. For the first-round PCR, each 10-ul PCR contained
5 ul of Hotstart Master Mix (Multiplex PCR Kit, QIAGEN), 0.4 pM
of each primer, 2.2 pl ultrapure water and 2 pl of DNA diluted 1:2
in total. After an initial denaturation cycle at 95°C for 15 min, 40
cycles of 30 s at 95°C, 60-s annealing at 50°C and 30-s extension

at 72°C were performed, followed by a final elongation at 60°C for

10 min. In the second-round PCR, unique dual indexes (Gansauge
& Meyer, 2013) were selected for each replicate and each 10-ul in-
dexing PCR contained 5 pl 2x KAPA HiFi HotStart ReadyMix (Kapa
Biosystems), 5 uM of mixed indexing primer, 2 pl ultrapure water
and 2 pl of 10x diluted first-round PCR product. Indexing thermal
cycling conditions were 95°C, for 3 min; followed by 10 cycles of
95°C for 30's, 55°C for 30's, 72°C for 30 s, with an extension of 72°C
for 5 min. PCR products were validated through electrophoresis and
pooled without normalization, similarly to the other two markers.
Paired-end (PE) sequencing was carried out in two separate Illumina
(Ilumina) runs: COI-M19BR2 library was sequenced in a single run
on an lllumina MiSeq system (2 x 250 bp), while the 185-Euka02 and
16S-Inse01 libraries were sequenced in a single run on a HiSeq 2500

sequencing platform (2 x 125 bp) in Fasteris SA.

2.3 | Bioinformatic Analysis
2.3.1 | Evaluation of marker adequacy

We conducted in silico analyses to assess the adequacy of each
marker to amplify each of 98 macroinvertebrate families expected
to occur in our study area. These analyses were undertaken using a
script (Figure S2a) that combines custom-built databases extracted
from GenBank, in silico amplification using ecoPCR and informative
outputs, enabling the user to test metabarcoding markers, evalu-
ate their coverage in the database and measure their adequacy to
target taxa. Databases for each marker consisted of sequences that
met the following criteria: (a) they corresponded to the target ampli-
con region; (b) they contained the anticipated primer binding sites;
and (c) they extended beyond primer binding sites. Criteria (a) and

(b) were implemented to reduce bias in results, since running an in
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silico PCR without first confirming that all sequences correspond
to the target amplicon region can produce false negatives (as noted
by Egeter et al., 2019). The purpose of requirement (c) was to avoid
having sequences that may not have had primers removed prior to
being made public, which is a known issue with public barcoding
sequences (Elbrecht & Leese, 2017a). The foundation for each da-
tabase was created by downloading the entire GenBank database
(October 2019) in GenBank format and extracting sequences match-
ing the target genes (COI, 16S or 18S) according to the provided an-
notations. Taxonomy was added to sequences using TAXoNKIT (Shen
& Xiong, 2019), and those that did not have at least family-level in-
formation, or did not belong to Metazoa, were removed. Sequences
that did not correspond to the target amplicon region were removed
as follows: (a) primer binding sites were located using ecopcr (Ficetola
et al., 2010) with the maximum number of base mismatches set to 3
and the output set to include 5 bp either side of the amplicon; (b) am-
plicons with Ns or ambiguities were removed, to avoid complications
in subsequent steps; (c) sequences for which primer binding sites
were not found were mapped against sequences in which primer
binding sites were found using the MecasLAsT algorithm (Zhang,
Schwartz, Wagner, & Miller, 2000); (d) if the best alignment for a
query sequence did not fully overlap the target amplicon region of
the subject sequence, it was removed. Once the final databases had
been created, ecoPCR was run again with the maximum number of
base mismatches set to 5 and constraining maximum insert length
per marker, accordingly to the lllumina sequencing chemistry used
in the preservative samples (Figure S2). The ecoPCR results were
compared against the final databases to identify which families were
in silico-amplified and which were not. To assess the informative-
ness of the target barcodes, the proportion of unique barcodes that
could disambiguate at family level was calculated for each family by
grouping any identical barcodes by their lowest common ancestor
and checking the rank of that ancestor. Finally, the minimum and
maximum amplicon lengths were retrieved per family to support

read attribute processing.

2.3.2 | Sequence data processing

Sequence reads were processed using the osiTooLs program suite
(Boyer et al., 2016) (workflow in Figure S2b). After removing sin-
gletons, unique sequences of each marker were filtered by length.
The amplicon length ranges, assessed using the in silico analyses,
were used to maximize the detection of targeted families from read
data (Table 2; Figure S3). Clustering was performed using sumacLusT
algorithm (Mercier, Boyer, Bonin, & Coissac, 2013) at 99% similar-
ity for all markers. To remove potential false positives due to cross-
contamination, additional sequence filtering was performed using
an integrated workflow adapted from Corse et al. (2017; LFN fil-
tering). The filtering was based on the sequence variants found in
each set of experimental controls, and LFN thresholds were calcu-
lated for each amplicon library. Specifically, based on the sumaclust

output table, we filtered the sequence variants found in (a) the tag

negative controls (LFNtag), discarding variants with counts lower
than 0.003% per-sample replicate; (b) extraction and PCR-negative
controls (LFNneg), subtracting the maximum absolute abundance
of each variants found across negatives from each sample replicate
count; and (c) positive controls (LFNpos), discarding variants from
samples if (a) total abundance in positives was higher than 10% of
total abundance across sample replicates and (b) maximum abun-
dance in positives was higher than 10% of maximum abundance
across sample replicates. Thresholds in (c) were estimated by visu-
ally checking expected contamination in wells containing nearby
positive controls. We only kept sequence variants that passed all
three LFN filters (one-out all-out strategy). Head clusters (cluster_
center = True) were then retrieved, and sequence counts of vari-
ants were summed to respective heads. Simultaneously, to assess
amplification bias among markers across the 55 known families
pooled, we retrieved the sequence count of head clusters observed
in the positive controls. Since PCR products were pooled without
normalization before sequencing and the sequence counts varied
substantially within samples (a.k.a. sampling sites), the four technical
replicates were combined prior to analysis.

2.3.3 | Taxonomic assignment

The taxonomic assignment procedure followed Martins et al. (2019),
using public and in-house reference databases: COI-M19BR2
(BOLD, GenBank, CIBIO-IBI and aqguaDNA), 16S-Inse01 (GenBank,
CIBIO-IBl and aquaDNA) and 185-Euka02 (GenBank and aquaDNA).
CIBIO-IBI is an in-house database containing mainly species from
the Iberian Peninsula (Ferreira et al., 2018), which will be published
in due course (e.g., Ferreira et al., 2020). AquaDNA is an in-house da-
tabase including mainly French species Ficetola et al., 2020, though
it covers many families occurring in Iberia. After manual cross-valida-
tion, only clusters assigned to macroinvertebrate taxa at 292% iden-
tity in at least one database were kept and clusters associated with
multiple hits were assigned back to the taxonomic rank of the com-
mon ancestor. All assignments were manually curated to account for
species ranges, with species not recorded in the study area being
(a) replaced by those known to occur, in the case of single-species
genera, (b) kept if assigned with a high percentage of identity to spe-
cies of less-studied groups (e.g., Chironomidae, Platyhelminthes,
Oligochaeta) or (c) assigned to genus in case of diverse genera. A
final taxon table was created by merging sequence counts by fam-
ily, removing rare occurrences (<0.01%) within each sampling site by
marker and converting counts into presence/absence values. The fil-
tering of rare taxa was applied at the family level to avoid discarding
families represented by several rare cluster sequences. Families be-
longing to Oligochaeta and Hydracarina were merged into these two
groups, respectively, since this was the level of identification that is
generally achieved through morphotaxonomy. A “multimarker” data
set was created by combining information of the three markers in
each sampling site, that is, a family was detected by multimarker if

recovered by at least one marker. A single phyloseq object (r PHYLOSEQ



MARTINS ET AL.

package, McMurdie & Holmes, 2013) combining the three matrices
(taxa, sample and taxonomy) of each individual marker, multimarker

and morphotaxonomy was created to facilitate further analysis.

2.4 | Statistical analyses

As in Martins et al. (2019), we used morphotaxonomy as the bench-
mark for molecular data instead of metabarcoding the bulk sample
itself because (a) our bulk samples were collected under the national
WFD monitoring programme and thus could not be destroyed; (b) we
wanted to evaluate how abundance (i.e., number of individuals) in the
bulk sample affected the probabilities of detection of each family, and
this information could not be obtained by metabarcoding the bulk sam-
ple; and (c) we wanted to compare metabarcoding with the standard
morphological approaches used in WFD monitoring. In all analyses,
we considered for each marker and sampling site the families recorded
by both molecular and morphotaxonomic methods (coded as 1), and
families that were detected through morphotaxonomy but not by the
molecular method (coded as 0). The analyses thus concentrated on
“true” positives (1) versus “false” negatives (0), ignoring families that
were only detected through molecular methods (i.e., “false” positives).
This approach assumes that there were no errors in the identification
of taxa through morphotaxonomy, which is a reasonable assumption
because identifications were made at the family level, which are readily
identifiable by experienced taxonomists. We did not address false pos-
itives because this would require different experimental procedures,
controlling for various sources of error including contamination, regur-
gitation of digested material by individuals in the bulk sample and/or
taxonomic misidentifications (Martins et al., 2019; Zizka et al., 2019).
We first assessed variation between methods in the diversity and
taxonomic composition of macroinvertebrate communities retrieved
through individual markers, the multimarker approach and morpho-
taxonomy. Local (i.e., alpha) diversity was estimated using the esti-
mate_richness function (r PHYLOSEQ package), as the number of families
observed per sampling site using each method. To help interpret dif-
ferences in richness, we also estimated the percentage of matching
families recorded at each sampling site between each pair of methods,
by computing the quotient between the number of families shared by
both methods in relation to the total family richness detected by those
methods at the sampling site. The extent of change in community
composition among sampling sites (i.e., beta diversity) was computed
for each method using the pairwise Jaccard coefficient of dissimilar-
ity in the vecan r package (Oksanen et al., 2019). We also evaluated
whether beta diversity estimates were consistent across methods,
using Procrustes analysis (VEGAN R package) to compare the Jaccard dis-
similarity matrices for each pair of methods. Additionally, we estimated
variation in the taxonomic composition retrieved by the different
methods using differential heat trees, produced with the METACODER R
package (Foster, Sharpton, & Griinwald, 2017). To build the heat trees,
we considered that the representation of each family was proportional
to the number of sequences in the case of molecular methods and the

number of individuals for morphotaxonomy. Although the number of
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sequences does not necessarily equate to the relative abundance or
biomass of each family (Elbrecht & Leese, 2015), this approach was
taken to obtain a visualization of how broad taxonomic branches were
missed or retrieved by the different methods.

To model detection biases, we first used binomial logit general-
ized linear models (i.e., logistic regression) to relate the probability
of detection of each family using a given marker in relation to read
abundance per sample (i.e., read counts after demultiplexing step).
This data set was used instead of the clean data set described above
(i.e., filtering sequences assigned to families detected by morpho-
taxonomy), because per-sample sequencing depth is a parameter
that researchers can control when setting up sequencing assays,
whereas final sequence abundance depends on data processing.
However, results were largely similar irrespective of the data set
used (not shown). In the case of the multimarker, we simulated read
abundance by summing reads across markers. Because the detec-
tion is necessarily zero when sequencing depth is zero, we forced
in all cases the logistic model intercept at nearly zero by including a
suitable offset term. This preliminary analysis was needed because
sequencing depth varied widely across sampling sites and markers,
and so the proportion of true positives computed directly from the
data would not be comparable across markers and families. To over-
come this problem, we thus used the logistic models to normalize
the probability of detection to a sequencing read count of 50,000
for each family and marker.

We further analysed factors affecting detection probabilities
across families and sampling sites using binomial logit generalized
linear mixed models (GLMM) for each marker data set and multi-
marker. In the fixed component of the model, we included for each
family (a) the total number of individuals and (b) the proportion of
individuals at each sampling site (i.e., number of individuals of the
family divided by the total number of individuals of all families ob-
served in the sample), and (c) the “body armouring” trait as described
by Poff et al. (2006). Families were categorized into one of the
three described armouring categories (Table S3): soft-bodied (e.g.,
Annelida, Ephemeroptera), heavily sclerotized (e.g., Coleoptera)
and cased forms (e.g., Mollusca and some Trichoptera families).
For each sampling site, we also included (d) the total number of re-
corded families and (e) the sequencing depth (log10-transformed).
Sampling site and family were incorporated in the models as random
effects. Count and proportional data were scaled prior to analyses,
and sampling sites without families detected were removed for each
marker. Taxonomic groups not detected in silico or not amplified by
the 16S-Inse01 marker (Platyhelminthes and cased families) were

excluded from the analysis to allow model convergence.

3 | RESULTS
3.1 | Morphotaxonomy

Overall, the 80 macroinvertebrate bulk samples yielded 74,335 indi-

viduals of 94 families belonging to four phyla, with an average (+SD)
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of 929.2 + 998.3 (55-7,908) individuals and 23.8 + 9.5 (4-41) families
per sample (Tables S2 and S3). The most widespread families (occur-
rence in 250% of samples) were Chironomidae (100.0%), Baetidae
(93.8%), Oligochaeta (91.3%), Simuliidae (90.0%), Elmidae (80.0%),
Hydropsychidae (77.5%), Ephemerellidae (75.0%), Caenidae (68.8%),
Ceratopogonidae (65.0%), Leptophlebiidae (57.5%), Rhyacophilidae
(53.8%), Hydrobiidae (52.5%) and Ancylidae (51.3%), while 31 fami-
lies occurred in <10% of samples. The most abundant families (>5%
of individuals) were Hydrobiidae (17.7%), Chironomidae (17.6%),
Simuliidae (12.2%), Ephemerellidae (10.7%), Baetidae (9.3%) and
Elmidae (5.3%). Most families (N = 80) had less than 1% of individu-
als, of which 43 had each <0.1% of individuals.

3.2 | Marker adequacy

The insilico analysis revealed higher marker adequacy for 16S-Inse01
(87.8% of families amplified; n = 98) than COI-M19BR2 (82.7%)
or 185-Euka02 (71.4%; Table 3; Table S4). The majority of failures
in COI-M19BR2 was due to the lack of primer binding sites in the
existing barcodes, whereas in 16S-Inse01, it was due to complete
lack of barcodes (i.e., target insert). Regarding 18S-Euka02, there
were families failing due to lack of primer binding sites in barcodes
(13.3%), but also due to lack of amplification (11.2%) and resolution
(4.1%). The main taxonomic groups with failures (<80% families am-
plified) for COI-M19BR2 were from the orders Coleoptera, Diptera,
Heteroptera, Ephemeroptera and Trichoptera, for 16S-Inse01 it
was Trichoptera, and for 18S-Euka02 were noninsect arthropods,
Diptera, Trichoptera and Odonata (Table 3).

In contrast to in silico results, analysis of the positive control un-
derlined a much better marker adequacy for COI-M19BR2 (89.1%
of families amplified; n = 55) than for either 16S-Inse01(43.6%) or
18S-Euka02 (45.5%; Table 3). COI-M19BR2 successfully detected
most families (>80%) except Coleoptera, while 16S-Inse01 and
18S-Euka02 had low detection rates (<80%) except for Megaloptera
and Plecoptera, and Heteroptera and Ephemeroptera, respectively.
Considering taxa that were tested both in silico and in vitro, the dif-
ferences for the latter two markers were due to a large proportion of
families that amplified in silico but not in vitro (16S-Inse01 = 38.2%;
18S-Euka02 = 30.9%), while there were only a few families failing in
silico but amplifying in vitro (16S-Inse01 = 0.0%; 18S-Euka02 = 5.5%)
due to the lack of barcodes in the database. For COI-M19BR2, the
two types of errors were similar (9.1% vs. 10.9%).

3.3 | Sequencing data

Sequencing of libraries generated 25,232,044 PE reads for
COI-M19BR2, 50,185,936 PE reads for 16S-InseO1 and
39,544,628 PE reads for 18S-Euka02 (Table S5). Sequencing
depth varied greatly across sampling sites within markers: COI-
M19BR2-10,620-662,342 reads; 16S-Inse01—50,331-605,502
reads; and 18S-Euka02—6,374-529,412 reads. After data processing,

about half of the original read count was kept for 16S-Inse01 (rep-
resenting 26,262 clusters) and COI-M19BR2 (10,146 clusters), and
about 60% for 18S-Euka02 (33,318 clusters; Table S5). More than
80%-90% of clusters generated by the three markers were identi-
fied with a percentage of identity 292%, mostly assigned at genus
and family ranks (Table S5 and Figure S4). Rarefaction curves sug-
gest that sample depth was enough for recovering all families in
most preservative samples (Figure S5). The final data set, including
only targeted macroinvertebrate families detected by morphotax-
onomy, showed similar magnitudes of sequence abundance among
markers (Table S5).

3.4 | Variation in community diversity and
composition across methods

The average number of macroinvertebrate families per sampling
site (alpha diversity) detected using each individual marker or the
multimarker was always much lower than those detected using mor-
photaxonomy (Figure 1a). There was also a low match in family com-
position across molecular methods (Figure 1b), albeit much higher
between multimarker and COI-M19BR2 (79.3% + 16.9). The match
with morphotaxonomy was only low for 16S-Inse01 (14.1% + 7.6)
and 18S-Euka (27.6% + 11.0). The distribution of Jaccard dissimilari-
ties among sampling sites (pairwise beta diversity) was comparable
across methods (Figure 1c), with Procrustes analysis revealing that
the matrices of Jaccard dissimilarity among sampling sites were fairly
consistent across methods (r > .70; Figure 1d), except for 16S-Inse01.
Therefore, sampling sites with high dissimilarity estimated through
morphotaxonomy also tended to be estimated as highly dissimilar
with metabarcoding, especially for multimarker (r > .80).

The differential heat trees revealed major differences in taxo-
nomic composition of macroinvertebrate communities retrieved
through the different methods (Figure Sé). As expected, the pro-
portions of reads assigned to Insecta (except for the Ephemerellidae
family) were higher for COI-M19BR2 and 16S-Inse01 comparatively
to 18S-Euka02, whereas the latter recovered phyla hardly detected
by the former such as Mollusca. There were also differences be-
tween the two mitochondrial markers, with 16S-Inse01 recovering
fewer Diptera, Trichoptera and Oligochaeta than COI-M19BR2.
There was low congruence on the proportion of abundance between
markers (sequence counts) and morphotaxonomy (individuals), with
higher ratios towards Mollusca and Insecta families in morphotaxon-
omy than in molecular methods.

3.5 | Factors affecting variation in detection
probability

Asexpected,sequencingdepth persample greatly affected the proba-
bilities of detection of each macroinvertebrate family across sampling
sites (Figure S7). After normalizing sequencing read count to 50,000,

there were still major variations in detection probabilities across
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FIGURE 1 Comparisons of diversity metrics and taxonomic composition of freshwater macroinvertebrate samples, estimated using
either morphotaxonomy, one of three molecular markers (COI-M19BR2, 16S-Inse01 or 18S-Euka02), or a multimarker approach: (a)
observed richness (alpha diversity), (b) taxonomic overlap, (c) Jaccard dissimilarity distributions between all pairs of sampling sites (beta
diversity) and (d) taxonomic congruence in community composition (using Procrustes analysis). Only families detected by morphotaxonomy
(sample-wise) were considered. Boxplots represent median, 1st and 3rd quartiles, and extremes (1.5x interquartile range). Plots on panels b

and d denote pairwise comparisons between methods

markers and taxonomic groups (Figure 2; Figure S8). Differences
between markers are illustrated, for instance, by the detection prob-
abilities of Trichoptera families, which were low (<20%) to moderate
(20%-60%) for COI-M19BR2, while they were not detected at all or
were detected at low probabilities in 16S-Inse01 and 18S-Euka02.
In contrast, the probabilities of detection were high (>80%) for
Tricladida families using 18S-Euka02, while they were not detected
by the other two markers. Regarding taxonomic differences, it is
noteworthy for instance that most families in the orders Coleoptera,
Diptera, Hemiptera and Odonata were not detected or had very low
detection probabilities for all markers, whereas Ephemeroptera and,
to a lesser extent, Plecoptera families were generally detected with
low to very high probabilities. There was also substantial variation in
detection probabilities among different families of the same order,

with for instance Chironomidae and Simuliidae detected with high

probabilities by COI-M19BR2, while other families were either not
detected or detected at low probabilities irrespective of the marker.
Likewise, in the order Ephemeroptera, the detection of Baetidae
and Heptageniidae families was always high, irrespective of marker,
while for instance Caenidae and Ephemeridae showed in general low
detection probabilities.

When combining detections from the three markers in the
multimarker data set, there were increases in detection proba-
bilities for most taxonomic groups, though they were still low for
Coleoptera and most Diptera, Odonata and Hemiptera families,
among others. Only three families were always detected, namely
Neritidae (Mollusca), Planariidae (Platyhelminthes) and Baetidae
(Ephemeroptera) by 185-Euka02, Siphlonuridae (Ephemeroptera) by
COI-M19BR2, and Heptageniidae (Ephemeroptera) when the three

markers were combined (multimarker).
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FIGURE 2 Detection probabilities of macroinvertebrate taxa recovered from the metabarcoding of ethanol preserving unsorted bulk
samples (N = 80), using either one of three markers (COI-M19BR2, 16S-Inse01 or 185-Euka02) or a multimarker approach. Detection
probabilities were normalized at a sequencing read count of 50,000, based on predictions from logistic regression models relating the
presence-absence of each family with per-sample sequencing depth (see Figure S8). Only families detected by morphotaxonomy (sample-

wise) were considered

After controlling for per-sample sequencing depth, there were
significant effects of body armouring and relative abundance on de-
tection probabilities for all markers and the multimarker (Figure 3;
Table Sé). Probabilities of detection were consistently higher for
soft-bodied than heavily sclerotized families, while cased forms had
intermediate values varying within markers. Detection probabilities
of a family also increased markedly with its relative abundance in
the sample, but there were no highly significant effects of its total

abundance or family richness per sample.

4 | DISCUSSION

This study highlighted important biases in taxonomic recovery when
using metabarcoding from the ethanol used to preserve macroin-
vertebrate bulk samples. While the in silico analysis suggested that
the markers used were adequate to detect our target macroinverte-
brate taxa, the analysis of both the positive control (mock sample)
and the 80 samples collected under a WFD monitoring programme

showed that many taxa represented in the bulk were often missed
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FIGURE 3 Summary results of
generalized linear mixed models (GLMM)
relating the probability of detection of

freshwater macroinvertebrate taxa from armou ring: i
metabarcoding of ethanol to variables soft-bodied
describing its body armouring (Poff

et al., 2006), total abundance (i.e., number .

of individuals in the bulk) and relative armouring: _

abundance (i.e., proportion of individuals) cased forms

and to variables describing the taxa
richness and the sequencing depth of

the bulk sample. GLMMs were estimated abundance -

separately for each marker (COI-M19BR2,

16S-Inse01 or 185-Euka02) and the

multimarker approach. Values represented relative

are estimated model coefficients abundance )

(mean + 95% confidence interval) and

respective significance (***p < .001;

**p < .01; *p < .05; Table S6). Only families richness -

detected by morphotaxonomy (sample-

wise) at least in five sampling sites were

considered per-sample
sequencing -

depth

in metabarcoding and that the probability of detection of each taxon
often varied greatly among samples. Notwithstanding, the multima-
rker approach performed consistently better than any single marker,
and the COIl marker performed better than the two rRNA markers.
In line with expectations (Table 1), our results suggest that detection
problems were largely related to biases against the recovery of rare
and sclerotized taxa, irrespective of the marker used. Specifically,
our modelling approach showed that after controlling for variation
in read coverage among samples, the probability of detection of any
given taxon was positively related to its proportional abundance in
the sample, and that the probability of detection was on average
lower for heavily sclerotized taxa (e.g., Coleoptera) than for soft-
bodied taxa (e.g., Oligochaeta). Overall, these results suggest that
further methodological development and optimization is needed
before metabarcoding from ethanol can be used in biomonitoring
programmes.

The in silico analysis provided important information to optimize
the subsequent bioinformatic procedures and to evaluate marker ad-
equacy. In particular, this analysis was used to calculate suitable am-
plicon length ranges for the target groups considering taxon-specific
amplicon variation (including primer slippage for degenerated prim-
ers; Elbrecht, Hebert, & Steinke, 2018), which provides a more ro-
bust approach than the usual practice of retrieving such information
from similar published studies (e.g., Elbrecht et al., 2017; Taberlet
et al.,, 2018; Wangensteen et al., 2018). We found this to be very
important, especially for the COI-M19BR2 marker, because certain
families of Platyhelminthes, Mollusca and Diptera were missed when
applying existing thresholds (e.g., 310-316 bp). Regarding adequacy,

we found that the markers chosen were largely adequate for the
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macroinvertebrate communities targeted in our study, with >80% of
taxa recovered for 16S-Inse01 and COI-M19BR2, though adequacy
was lower (=70% of taxa) for 18S-Euka02. Detection failures in COI-
M19BR2 were due exclusively to either the lack of barcodes or bar-
codes with primer binding sites for some target taxa in the GenBank
database, while detection failures in 16S-Inse01 were only due to
the lack of barcodes, which emphasizes the importance of compre-
hensive barcode reference databases for molecular biomonitoring
(Weigand et al., 2019). In the case of 185-Euka02, besides failures
due to barcode unavailability, there were also detection problems
due to lack of amplification and, to a lesser extent, lack of resolution.
This suggests that the 18S marker used in our study may be more
prone to miss taxa than the other two, despite its expected ability to
detect a wider taxonomic range of macroinvertebrate taxa (Taberlet
et al., 2018).

In contrast to the in silico results, the analysis of the mock sam-
ple and of the samples collected under the WFD monitoring pro-
gramme showed that many taxa detected in each sample through
morphotaxonomy were often missed with metabarcoding, as re-
ported elsewhere (Elbrecht et al., 2017; Erdozain et al., 2019). The
detection ability was much higher for COI-M19BR2 than for either
16S-Inse01 and 18S-Euka02, which emphasizes that despite codon
degeneracy this marker may be very powerful (Clarke et al., 2017;
Elbrecht et al., 2016). However, this result may not be a consequence
of a superior performance by the COIl marker in itself, but instead
it may reflect differences between laboratories in the conditions
used to amplify each individual marker to overcome PCR inhibition.
While for COI-M19BR2, the procedure involved a 1:2 dilution of

the extract and using a polymerase (Qiagen Master Mix) that is less
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prone to inhibition and works well on ethanol samples at this dilu-
tion ratio, following previous optimization (Martins et al., 2019), for
16S-Inse01 and 18S-Euka02 the protocol involved a 1:20 dilution
to enhance polymerase activity. These results clearly suggest that
relatively small changes in protocols can have major consequences
on metabarcoding results, though these dilutions were required to
improve amplification success in each protocol. Despite these differ-
ences, all markers consistently underestimated the richness of taxa
represented in the bulk, and there were incongruences across mark-
ers in the taxonomic composition of the community. As suggested in
previous metabarcoding studies, these problems were minimized to
some extent by combining information from the three markers (da
Silva et al., 2019), though the multimarker approach still detected
less taxa than morphotaxonomy. Interestingly, however, estimates
of beta diversity were similar for morphotaxonomy, the three single
markers and multimarker approach, which is consistent with results
of a study by Clarke et al. (2017) comparing the performance of COlI,
16S and 18S markers for zooplankton metabarcoding. This suggests
that while metabarcoding may underestimate alpha diversity in re-
lation to morphotaxonomy, it may still provide comparable results
regarding the turnover of taxa across sites.

Irrespective of the marker used, the probability of detection
of any given taxon in a sample was strongly affected by the read
coverage of the sample, though there were still major differences
in detection probability across taxa and samples after statistically
controlling for the effect of read coverage. Our modelling results
suggest that part of this variation was related to taxa abundance,
with higher detection probability for more abundant taxa in the bulk.
This effect was consistent across markers and for the multimarker
approach. Comparable results have been found elsewhere (Table 1),
though to the best of our knowledge this is the first time the effect
of abundance is modelled in detail using large sample sizes. Usually,
this result is interpreted assuming that abundance (or biomass) of an
organism in the bulk is related to the concentration of its DNA in the
preservative solution and that the probability of detection is directly
related to its DNA concentration. This is because at low DNA con-
centrations a taxon may be missed during the subsampling of preser-
vative ethanol or it may not be amplified during the PCR step due to
“primer competition” with DNA of more abundant taxa. The later hy-
pothesis is supported by our results, which showed a strongly signifi-
cant effect of proportional abundance (i.e., the number of individuals
of a taxa divided by the total number of individuals in the sample) on
probability of detection, but not of total abundance (i.e., the total
number of individuals). Other studies have also reported a lower
detection for taxa represented in the bulk by a low proportion of
individuals (Hajibabaei et al., 2012) or biomass (Erdozain et al., 2019).
Similar problems have also been described in tissue-based metabar-
coding protocols (Elbrecht & Leese, 2015; Hajibabaei et al., 2012).

Besides abundance, our results also showed that body traits
drive variations in probability of detection across macroinverte-
brate taxa. Although we did not find the hypothesized effects of
body size (Carew et al., 2018; Zizka et al., 2019), we did confirm that

body sclerotization reduces the probability of detection, which had

previously been observed in freshwater benthic macroinvertebrates
(Carew et al., 2018; Zizka et al., 2019) and terrestrial invertebrates
(Marquina, Esparza-Salas, Roslin, & Ronquist, 2019). Specifically, we
found that the detection probability was very low for heavily scle-
rotized arthropod taxa such as Coleoptera, possibly because body
armouring reduced the release of DNA to the preservative solution,
thereby causing problems of detection similar to those of taxa with
low proportional abundance. Taxa with cased forms, which includes
soft-bodied organisms with a shell (Mollusca) or a case (caddisflies),
showed intermediate recovery rates between soft-bodied and scle-
rotized organisms. This suggests that the presence of a case also
reduces the release of DNA, though not as much as in the case of
heavily sclerotized organisms. It should also be noted that at least in
some Trichoptera families the individuals leave the case after collec-
tion, which probably reduced the effect of this body trait on detec-
tion probabilities.

It is unlikely that these general results and key conclusions of our
study were influenced to any significant extent by methodological
artefacts or biases, though we recognize that the consequences of
some options taken still need further research. One potential prob-
lem is the low volume of ethanol analysed, which may have contrib-
uted to missing rare taxa due simply to sampling effects. However,
in a previous study using the same approach we found little variation
in community composition across small ethanol subsamples, proba-
bly because they were consistently retrieving the commonest taxa
(Martins et al., 2019). This suggests that adding small subsamples
to obtain a larger volume analysed would have had only a modest
effect on the number of taxa retrieved, though the effects of the
volume of ethanol used on metabarcoding performance require
further investigation. Moreover, our key results relating the prob-
ability of detection to body armouring and relative abundances are
unlikely to be affected by the volume analysed, and they were con-
sistent with the results of a study using much larger volumes (Zizka
et al., 2019). Another potential problem is that we used a similar as-
signment threshold of 92% identity for the three markers, though
this may be overly strict for markers in genomic regions with high
substitution rate such as COI, and eventually too liberal for more
conserved regions such as 18S rRNA gene. However, we believe the
use of this common threshold is reasonable because: (a) there is a
good evidence that the rates vary between taxa for the same marker
(especially for ribosomal genes); (b) reducing the threshold below
92% might produce an unacceptable level of false positives, even
for COlI; (c) identifications for all markers were most often made at
identity levels well above 92% (Figure S4), further supporting the
view that small changes in threshold have limited effect on reducing
false negatives, and (d) small reductions in the threshold (say, from
92% to 90% in COI) to limit false negatives would result in a small
proportion of additional reads identified, most of which to taxa with
high detection probabilities. It is possible, however, that decreasing
the threshold would further improve the performance of the COI
markers, though changes would likely be small.

The results of our study have consequences for the applica-

tion of metabarcoding of preservative ethanol to the molecular
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biomonitoring of aquatic systems. First, the lower number of taxa
detected per site (alpha diversity) with metabarcoding highlights
that morphotaxonomy and metabarcoding results cannot be directly
compared, though this can probably be solved through intercalibra-
tion exercises (Pawlowski et al., 2018). Second, the observation that
morphotaxonomy and metabarcoding estimated similar turnover of
taxa (beta diversity) across sampling sites is promising, suggesting
that meaningful ecological gradients can be retrieved using either
approach, which can provide a basis to detect anthropogenic stress-
ors (e.g., Santana et al., 2017). Third, care should be taken to account
for biases associated with the strong dependence of detection prob-
ability on proportional abundance, which implies that the probability
of detection of a species depends not only on its abundance but also
on the abundance of other species in the community (Erdozain et al.,
2019; Hajibabaei et al., 2012), and thus that errors may be inconsis-
tent across sampling sites and over time. Consequently, spatial and
temporal variations detected through metabarcoding in the occur-
rence of rare indicator organisms may be unreliable, which can com-
promise their use in biomonitoring. Finally, there may be systematic
problems in the detection of potentially good biodiversity indicators
such as Coleoptera (Sanchez-Fernandez, Abellan, Mellado, Velasco,
& Millan, 2006), given the low detection probability of heavily scle-
rotized arthropods.

In summary, our results suggest that, apart from barcode refer-
ence databases, the main biases associated with metabarcoding of
preservative solutions are largely related to the differential availabil-
ity of DNA from different organisms, which in turn is affected mainly
by their body armouring and proportional abundance. These prob-
lems suggest that, depending on the application, it should be duly
considered whether to use metabarcoding from the preservative
solution or from the homogenate of the bulk itself, as the latter may
be less prone to the biases identified here (Marquina et al., 2019;
Zizka et al., 2019). However, while using tissue homogenates may
eliminate the problem of detecting hard-bodied organisms, it may
still have biases associated with reduced detection of taxa with
low proportional abundance (Elbrecht & Leese, 2015; Hajibabaei
et al.,, 2012). When metabarcoding from the preservative solution
is required to preserve the bulk or to reduce the problems associ-
ated with the sorting of specimens, then efforts should be made to
enhance DNA recovery through optimized procedures considering,
for example, the timing of preservative collection after field sam-
pling (Martins et al., 2019), preprocessing measures such as whole
sample freezing prior to filtering ethanol (Zizka et al., 2019), higher
sampling volumes or bait capture enrichment (Gauthier et al., 2020).
Also, the use of multiple markers is highly recommended, as it pro-
vides a much more comprehensive representation of the taxonomic
composition of bulk samples, as found for instance in dietary studies
(da Silva et al., 2019). The number and exact mix of markers to be
used still needs further research, but our results suggest that a com-
bination of COI-M19BR2 and 18S-Euka02 would detect most taxa,
though adding 16S-Inse01 would provide a more complete picture
of community composition. To facilitate multimarker approaches,

efforts are needed to greatly expand the existing barcode reference

databases, particularly in less-studied geographic regions. Using this
and other refinements, it is likely that biases of metabarcoding from
preservative ethanol will be considerably reduced, thereby facilitat-
ing the use of this approach in molecular biomonitoring (Elbrecht
et al., 2017; Emilson et al., 2017; Serrana et al., 2019).

ACKNOWLEDGEMENTS

We would like to thank the Subject Editor and two anonymous
reviewers for the careful reading and constructive suggestions
to improve our manuscript. This article was supported by EDP-
Biodiversity Chair (EDP/FCT), the Agéncia Portuguesa de Ambiente
(APA), and two European Union’s Horizon 2020 research and in-
novation programmes (EnvMetaGen, grant agreement no. 668981,
and BIOPOLIS, grant agreement no. 857251). FMSM was supported
by FCT PhD grant SFRH/BD/104703/2014, PB was supported by
the EDP-Biodiversity Chair, MP was supported though a contract
funded by FCT, BE was supported by the EnvMetaGen project,
and MJF is supported by FCT and MARE Strategic Project (UID/
MAR/04292/2019). We thank Mafalda Galhardo and Nuno Fonseca
for their support during bioinformatic analysis. We thank Ana R.
Calapez and Ana Luisa Machado for collaboration in field sampling
and macroinvertebrate identification and APA for permitting the use
of data collected under a national monitoring programme in compli-
ance with WFD.

AUTHOR CONTRIBUTIONS

All authors contributed to the research experiment, and they re-
viewed and approved the final manuscript. The research was de-
signed by F.M.S.M,, P.B., P.T. and M.J.F. The fieldwork and ethanol
sampling were conducted by M.J.F. and S.R.Q.S., and the morpho-
logical identifications were performed by S.R.Q.S. The laboratory
was conducted by F.M.S.M. and A.B. The in silico analyses were
performed by BE. The bioinformatic analyses were conducted by
F.M.S.M., and with P.B. and M.P. analysed the data. The manu-
script was drafted by F.M.S.M. and P.B., with contributions from all
coauthors.

DATA AVAILABILITY STATEMENT

Raw sequencing data are provided as FASTQ files in ENA project
accession no. PRJEB39471, sample accession nos. ERS4834804-
ERS4834899. All data needed to replicate the analyses reported
in this study (scripts and metadata) are available at the BioStudies
repository (https://www.ebi.ac.uk/biostudies/studies/S-BSST431).

ORCID

Filipa M. S. Martins https://orcid.org/0000-0003-4191-5031

https://orcid.org/0000-0001-7640-0623

https://orcid.org/0000-0003-0362-6802
https://orcid.org/0000-0003-0850-250X

https://orcid.org/0000-0001-7800-8609

https://orcid.org/0000-0003-4426-465X

https://orcid.org/0000-0002-3554-5954

https://orcid.org/0000-0001-8164-0760

Miguel Porto
Maria J. Feio
Bastian Egeter
Aurélie Bonin
Sénia R. Q. Serra
Pierre Taberlet

Pedro Beja


https://www.ebi.ac.uk/biostudies/studies/S-BSST431
https://orcid.org/0000-0003-4191-5031
https://orcid.org/0000-0003-4191-5031
https://orcid.org/0000-0001-7640-0623
https://orcid.org/0000-0001-7640-0623
https://orcid.org/0000-0003-0362-6802
https://orcid.org/0000-0003-0362-6802
https://orcid.org/0000-0003-0850-250X
https://orcid.org/0000-0003-0850-250X
https://orcid.org/0000-0001-7800-8609
https://orcid.org/0000-0001-7800-8609
https://orcid.org/0000-0003-4426-465X
https://orcid.org/0000-0003-4426-465X
https://orcid.org/0000-0002-3554-5954
https://orcid.org/0000-0002-3554-5954
https://orcid.org/0000-0001-8164-0760
https://orcid.org/0000-0001-8164-0760

MARTINS ET AL.

3236
—I—Wl |l DA4= MOLECULAR ECOLOGY

REFERENCES

Anddjar, C., Arribas, P, Yu, D. W,, Vogler, A. P., & Emerson, B. C. (2018).
Why the COI barcode should be the community DNA metabarcode
for the metazoa. Molecular Ecology, 27(20), 3968-3975. https://doi.
org/10.1111/mec.14844

Apothéloz-Perret-Gentil, L., Cordonier, A., Straub, F., Iseli, J., Esling, P.,
& Pawlowski, J. (2017). Taxonomy-free molecular diatom index for
high-throughput eDNA biomonitoring. Molecular Ecology Resources,
17(6), 1231-1242. https://doi.org/10.1111/1755-0998.12668

Baird, D. J., & Hajibabaei, M. (2012). Biomonitoring 2.0: A new para-
digm in ecosystem assessment made possible by next-generation
DNA sequencing. Molecular Ecology, 21(8), 2039-2044. https://doi.
org/10.1111/j.1365-294X.2012.05519.x

Blackman, R., Machler, E., Altermatt, F., Arnold, A., Beja, P., Boets, P,
... Deiner, K. (2019). Advancing the use of molecular methods for
routine freshwater macroinvertebrate biomonitoring - The need for
calibration experiments. Metabarcoding and Metagenomics, 3, 49-57.
https://doi.org/10.3897/mbmg.3.34735

Bonada, N., Rieradevall, M., Prat, N., & Resh, V. H. (2006). Benthic
macroinvertebrate assemblages and macrohabitat connectivity in
Mediterranean-climate streams of northern California. Journal of
the North American Benthological Society, 25(1), 32-43. https://doi.
org/10.1899/0887-3593(2006)25[32:BMAAMC]2.0.CO;2

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P., & Coissac, E.
(2016). obitools: A unix-inspired software package for DNA me-
tabarcoding. Molecular Ecology Resources, 16(1), 176-182. https://doi.
org/10.1111/1755-0998.12428

Bush A., Compson Z. G., Monk W. A., Porter T. M., Steeves R., Emilson
E., Gagne N., Hajibabaei M., Roy M., Baird D. J. (2019). Studying
Ecosystems With DNA Metabarcoding: Lessons From Biomonitoring
of Aquatic Macroinvertebrates. Frontiers in Ecology and Evolution, 7,
434. http://dx.doi.org/10.3389/fevo.2019.00434

Carew, M. E., Coleman, R. A., & Hoffmann, A. A. (2018). Can non-de-
structive DNA extraction of bulk invertebrate samples be used
for metabarcoding? Peer), 6, e4980. https://doi.org/10.7717/
peerj.4980

Chain, F. J. J., Brown, E. A., Macisaac, H. J., & Cristescu, M. E. (2016).
Metabarcoding reveals strong spatial structure and temporal turn-
over of zooplankton communities among marine and freshwa-
ter ports. Diversity and Distributions, 22(5), 493-504. https://doi.
org/10.1111/ddi.12427

Clarke, L. J., Beard, J. M., Swadling, K. M., & Deagle, B. E. (2017). Effect
of marker choice and thermal cycling protocol on zooplankton DNA
metabarcoding studies. Ecology and Evolution, 7(3), 873-883. https://
doi.org/10.1002/ece3.2667

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

Cordier, T., Lanzén, A., Apothéloz-Perret-Gentil, L., Stoeck, T., &
Pawlowski, J. (2019). Embracing environmental genomics and ma-
chine learning for routine biomonitoring. Trends in Microbiology,
27(5), 387-397. https://doi.org/10.1016/j.tim.2018.10.012

Corse, E., Meglécz, E., Archambaud, G., Ardisson, M., Martin, J.-F,,
Tougard, C., ... Dubut, V. (2017). A from-benchtop-to-desktop work-
flow for validating HTS data and for taxonomic identification in diet
metabarcoding studies. Molecular Ecology Resources, 17(6), el46-
e159. https://doi.org/10.1111/1755-0998.12703

Cowart, D. A., Pinheiro, M., Mouchel, O., Maguer, M., Grall, J., Miné, J., &
Arnaud-Haond, S. (2015). Metabarcoding is powerful yet still blind: A
comparative analysis of morphological and molecular surveys of sea-
grass communities. PLoS One, 10(2), 1-26. https://doi.org/10.1371/
journal.pone.0117562

da Silva, L. P, Mata, V. A, Lopes, P. B., Pereira, P.,, Jarman, S. N.,
Lopes, R. J., & Beja, P. (2019). Advancing the integration of

multi-marker metabarcoding data in dietary analysis of trophic gen-
eralists. Molecular Ecology Resources, 19(6), 1420-1432. https://doi.
org/10.1111/1755-0998.13060

Deagle, B. E., Jarman, S. N., Coissac, E., Pompanon, F., & Taberlet, P.
(2014). DNA metabarcoding and the cytochrome c oxidase subunit
| marker: Not a perfect match. Biology Letters, 10(9), 1789-1793.
https://doi.org/10.1098/rsbl.2014.0562

Egeter, B., Roe, C., Peixoto, S., Puppo, P., Easton, L. J., Pinto, J.,, ...
Robertson, B. C. (2019). Using molecular diet analysis to inform inva-
sive species management: A case study of introduced rats consuming
endemic New Zealand frogs. Ecology and Evolution, 9(9), 5032-5048.
https://doi.org/10.1002/ece3.4903

Elbrecht, V., Hebert, P. D. N., & Steinke, D. (2018). Slippage of degener-
ate primers can cause variation in amplicon length. Scientific Reports,
8(1), 1-5. https://doi.org/10.1038/s41598-018-29364-z

Elbrecht, V., & Leese, F. (2015). Can DNA-based ecosystem assess-
ments quantify species abundance? Testing primer bias and bio-
mass-sequence relationships with an innovative metabarcoding
protocol. PLoS One, 10(7), e€0130324. https://doi.org/10.1371/journ
al.pone.0130324

Elbrecht, V., & Leese, F. (2017a). PrimerMiner: An r package for de-
velopment and in silico validation of DNA metabarcoding prim-
ers. Methods in Ecology and Evolution, 8(5), 622-626. https://doi.
org/10.1111/2041-210X.12687

Elbrecht, V., & Leese, F. (2017b). 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

Elbrecht, V., Peinert, B., & Leese, F. (2017). Sorting things out: Assessing
effects of unequal specimen biomass on DNA metabarcoding.
Ecology and Evolution, 7(17), 6918-6926. https://doi.org/10.1002/
ece3.3192

Elbrecht, V., & Steinke, D. (2019). Scaling up DNA metabarcoding for
freshwater macrozoobenthos monitoring. Freshwater Biology, 64(2),
380-387. https://doi.org/10.1111/fwbh.13220

Elbrecht, V., Taberlet, P., Dejean, T., Valentini, A., Usseglio-Polatera, P.,
Beisel, J.-N., ... Leese, F. (2016). Testing the potential of a ribosomal
16S marker for DNA metabarcoding of insects. Peer), 4, e1966.
https://doi.org/10.7717/peerj.1966

Elbrecht, V., Vamos, E. E., Meissner, K., Aroviita, J., & Leese, F. (2017).
Assessing strengths and weaknesses of DNA metabarcoding-based
macroinvertebrate identification for routine stream monitoring.
Methods in Ecology and Evolution, 8(10), 1265-1275. https://doi.
org/10.1111/2041-210X.12789

Emilson, C. E., Thompson, D. G., Venier, L. A., Porter, T. M., Swystun,
T., Chartrand, D., ... Hajibabaei, M. (2017). DNA metabarcoding and
morphological macroinvertebrate metrics reveal the same changes
in boreal watersheds across an environmental gradient. Scientific
Reports, 7(1), 1-11. https://doi.org/10.1038/s41598-017-13157-x

Erdozain, M., Thompson, D. G., Porter, T. M., Kidd, K. A., Kreutzweiser,
D. P, Sibley, P. K., & Hajibabaei, M. (2019). Metabarcoding of stor-
age ethanol vs. conventional morphometric identification in relation
to the use of stream macroinvertebrates as ecological indicators in
forest management. Ecological Indicators, 101, 173-184. https://doi.
org/10.1016/j.ecolind.2019.01.014.

Feio, M. J., Filipe, A. F., Garcia-Raventds, A., Ardura, A., Calapez, A. R,
Pujante, A. M., ... Almeida, S. F. P. (2020). Advances in the use of
molecular tools in ecological and biodiversity assessment of aquatic
ecosystems. Limnetica, 39(1), 419-440. https://doi.org/10.23818/
limn.39.27

Ferreira, S., Fonseca, N., Egeter, B., Paupério, J., Galhardo, M., Oxelfelt,
F., & Beja, P. (2018). Deliverable 4.2 (D4.2): Protocol for building and
organising reference collections of DNA sequences, EnvMetaGen
project (Grant Agreement No 668981). https://doi.org/10.5281/
zenodo.2586893.


https://doi.org/10.1111/mec.14844
https://doi.org/10.1111/mec.14844
https://doi.org/10.1111/1755-0998.12668
https://doi.org/10.1111/j.1365-294X.2012.05519.x
https://doi.org/10.1111/j.1365-294X.2012.05519.x
https://doi.org/10.3897/mbmg.3.34735
https://doi.org/10.1899/0887-3593(2006)25%5B32:BMAAMC%5D2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25%5B32:BMAAMC%5D2.0.CO;2
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1111/1755-0998.12428
http://dx.doi.org/10.3389/fevo.2019.00434
https://doi.org/10.7717/peerj.4980
https://doi.org/10.7717/peerj.4980
https://doi.org/10.1111/ddi.12427
https://doi.org/10.1111/ddi.12427
https://doi.org/10.1002/ece3.2667
https://doi.org/10.1002/ece3.2667
https://doi.org/10.1111/1755-0998.12265
https://doi.org/10.1111/1755-0998.12265
https://doi.org/10.1016/j.tim.2018.10.012
https://doi.org/10.1111/1755-0998.12703
https://doi.org/10.1371/journal.pone.0117562
https://doi.org/10.1371/journal.pone.0117562
https://doi.org/10.1111/1755-0998.13060
https://doi.org/10.1111/1755-0998.13060
https://doi.org/10.1098/rsbl.2014.0562
https://doi.org/10.1002/ece3.4903
https://doi.org/10.1038/s41598-018-29364-z
https://doi.org/10.1371/journal.pone.0130324
https://doi.org/10.1371/journal.pone.0130324
https://doi.org/10.1111/2041-210X.12687
https://doi.org/10.1111/2041-210X.12687
https://doi.org/10.3389/fenvs.2017.00011
https://doi.org/10.3389/fenvs.2017.00011
https://doi.org/10.1002/ece3.3192
https://doi.org/10.1002/ece3.3192
https://doi.org/10.1111/fwb.13220
https://doi.org/10.7717/peerj.1966
https://doi.org/10.1111/2041-210X.12789
https://doi.org/10.1111/2041-210X.12789
https://doi.org/10.1038/s41598-017-13157-x
https://doi.org/10.1016/j.ecolind.2019.01.014
https://doi.org/10.1016/j.ecolind.2019.01.014
https://doi.org/10.23818/limn.39.27
https://doi.org/10.23818/limn.39.27
https://doi.org/10.5281/zenodo.2586893
https://doi.org/10.5281/zenodo.2586893

MARTINS ET AL.

Ferreira, S., Tierno de Figueroa, J. M., Martins, F., Verissimo, J., Quaglietta,
L., Grosso-Silva, J. M., ... Beja, P. (2020). The InBIO barcoding initia-
tive database: Contribution to the knowledge on DNA barcodes of
Iberian Plecoptera. Biodiversity Data Journal, 8, e55137. https://doi.
org/10.3897/BDJ.8.e55137

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

Ficetola G. F., Boyer F., Valentini A., Bonin A., Meyer A., Dejean T,
Gaboriaud C., Usseglio-Polatera P., Taberlet P. (2020). Comparison
of markers for the monitoring of freshwater benthic biodiversity
through DNA metabarcoding. Molecular Ecology. http://dx.doi.
org/10.1111/mec.15632

Flynn, J. M., Brown, E. A., Chain, F. J. J., Macisaac, H. J., & Cristescu,
M. E. (2015). Toward accurate molecular identification of species
in complex environmental samples: Testing the performance of se-
quence filtering and clustering methods. Ecology and Evolution, 5(11),
2252-2266. https://doi.org/10.1002/ece3.1497

Foster, Z.S. L., Sharpton, T. J., & Griinwald, N. J. (2017). Metacoder: An R
package for visualization and manipulation of community taxonomic
diversity data. PLoS Computational Biology, 13(2), e1005404. https://
doi.org/10.1371/journal.pcbi.1005404

Gansauge, M.-T.- T., & Meyer, M. (2013). Single-stranded DNA library
preparation for the sequencing of ancient or damaged DNA. Nature
Protocols, 8(4), 737-748. https://doi.org/10.1038/nprot.2013.038

Gauthier, M., Konecny-Dupré, L., Nguyen, A., Elbrecht, V., Datry, T.,
Douady, C., & Lefébure, T. (2020). Enhancing DNA metabarcoding
performance and applicability with bait capture enrichment and
DNA from conservative ethanol. Molecular Ecology Resources, 20(1),
79-96. https://doi.org/10.1111/1755-0998.13088

Guardiola, M., Uriz, M. J., Taberlet, P., Coissac, E., Wangensteen, O. S., &
Turon, X. (2015). Deep-sea, deep-sequencing: Metabarcoding extra-
cellular DNA from sediments of marine canyons. PLoS One, 10(10),
e0139633. https://doi.org/10.1371/journal.pone.0139633

Hajibabaei, M., Porter, T. M., Robinson, C. V., Baird, D. J., Shokralla, S., &
Wright, M. T. G. (2019). Watered-down biodiversity? A comparison
of metabarcoding results from DNA extracted from matched water
and bulk tissue biomonitoring samples. BioRxiv, 14(12), 575928.
https://doi.org/10.1101/575928

Hajibabaei, M., Spall, J. L., Shokralla, S., & van Konynenburg, S. (2012).
Assessing biodiversity of a freshwater benthic macroinvertebrate
community through non-destructive environmental barcoding of
DNA from preservative ethanol. BMC Ecology, 12(1), 28. https://doi.
org/10.1186/1472-6785-12-28

INAG, I. P. (2008). Protocolo de amostragem e andlise para os
MACROINVERTEBRADOS BENTONICOS. In Ministério do Ambiente,
Ordenamento do Territério e do Desenvolvimento Regional, Instituto da
Agua, I.P. Ministério do Ambiente, do Ordenamento do Territério e
do Desenvolvimento Regional, Instituto da Agua, IP.

Jackson, M. C., Weyl, O. L. F., Altermatt, F., Durance, I., Friberg,
N., Dumbrell, A. J., & Woodward, G. (2016). Chapter Twelve -
Recommendations for the next generation of global freshwater
biological monitoring tools. In A. J. Dumbrell, R. L. Kordas & G.
Woodward (Eds.), Advances in Ecological Research, Large-Scale Ecology:
Model Systems to Global Perspectives, (Vol. 55, 1st ed. pp. 615-
636). Cambridge, USA: Academic Press. https://doi.org/10.1016/
bs.aecr.2016.08.008

Leese, F., Altermatt, F., Bouchez, A., Ekrem, T., Hering, D., Meissner, K., ...
Zimmermann, J. (2016). DNAqua-Net: Developing new genetic tools
for bioassessment and monitoring of aquatic ecosystems in Europe.
Research Ideas and Outcomes, 2, €11321. https://doi.org/10.3897/
rio.2.e11321

Macher, J. N., Vivancos, A., Piggott, J. J., Centeno, F. C., Matthaei, C.D., &
Leese, F. (2018). Comparison of environmental DNA and bulk-sample

3237
MOLECULAR ECOLOGY \V\VA I [l A%

metabarcoding using highly degenerate cytochrome c oxidase |
primers. Molecular Ecology Resources, 18(6), 1456-1468. https://doi.
org/10.1111/1755-0998.12940

Majaneva, M., Diserud, O. H., Eagle, S. H. C., Hajibabaei, M., & Ekrem,
T. (2018). Choice of DNA extraction method affects DNA metabar-
coding of unsorted invertebrate bulk samples. Metabarcoding and
Metagenomics, 2, €26664. https://doi.org/10.3897/mbmg.2.26664

Marquina, D., Esparza-Salas, R., Roslin, T., & Ronquist, F. (2019).
Establishing arthropod community composition using metabar-
coding: Surprising inconsistencies between soil samples and pre-
servative ethanol and homogenate from Malaise trap catches.
Molecular Ecology Resources, 19(6), 1516-1530. https://doi.
org/10.1111/1755-0998.13071

Martins, F. M. S., Galhardo, M., Filipe, A. F., Teixeira, A., Pinheiro, P,,
Paupério, J., ... Beja, P. (2019). Have the cake and eat it: Optimizing
nondestructive DNA metabarcoding of macroinvertebrate samples
for freshwater biomonitoring. Molecular Ecology Resources, 19(4),
863-876. https://doi.org/10.1111/1755-0998.13012

McMurdie, P. J., & Holmes, S. (2013). Phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome cen-
sus data. PLoS One, 8(4), e61217. https://doi.org/10.1371/journ
al.pone.0061217

Mendes, T., Calapez, A. R, Elias, C. L., Almeida, S. F. P., & Feio, M.
J. (2014). Comparing alternatives for combining invertebrate and
diatom assessment in stream quality classification. Marine and
Freshwater Research, 65(7), 612-623. https://doi.org/10.1071/
MF13135

Mercier, C., Boyer, F., Bonin, A., & Coissac, E. (2013). SUMATRA and
SUMACLUST: Fast and exact comparison and clustering of sequences.
IEEE 7th International Conference on Research Challenges in Information
Science (RCIS), 1-5. https://doi.org/10.1109/RCIS.2013.6577673

Mortéagua, A., Vasselon, V., Oliveira, R., Elias, C., Chardon, C., Bouchez,
A., Rimet, F., Feio, M. J., & Almeida, S. F. (2019). Applicability of
DNA metabarcoding approach in the bioassessment of Portuguese
rivers using diatoms. Ecological Indicators, 106, 105470. https://doi.
org/10.1016/j.ecolind.2019.105470.

Nielsen, M., Gilbert, M. T. P,, Pape, T., & Bohmann, K. (2019). A simplified
DNA extraction protocol for unsorted bulk arthropod samples that
maintains exoskeletal integrity. Environmental DNA, 1(2), 144-154.
https://doi.org/10.1002/edn3.16

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., & Wagner, H. (2019). Vegan: Ecological diversity R package, version
2.5-4. R Foundation for Statistical Computing.

Pawlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil,
L., Beja, P., Boggero, A., ... Kahlert, M. (2018). The future of biotic
indices in the ecogenomic era: Integrating (¢)DNA metabarcoding
in biological assessment of aquatic ecosystems. Science of the Total
Environment, 637-638, 1295-1310. https://doi.org/10.1016/j.scito
tenv.2018.05.002

Pereira-da-Conceicoa L., Elbrecht V., Hall A., Briscoe A., Barber-James
H., Price B. (2020). Metabarcoding unsorted kick-samples facilitates
macroinvertebrate-based biomonitoring with increased taxonomic
resolution, while outperforming environmental DNA. Environmental
DNA, 1-19. http://dx.doi.org/10.1002/edn3.116

Poff, N. L. R., Olden, J. D., Vieira, N. K. M., Finn, D. S., Simmons, M. P, &
Kondratieff, B. C. (2006). Functional trait niches of North American
lotic insects: Traits-based ecological applications in light of phylo-
genetic relationships. Journal of the North American Benthological
Society, 25(4), 730-755. https://doi.org/10.1899/0887-3593(2006)0
25[0730:FTNONA]2.0.CO;2

Sanchez-Fernandez, D., Abellan, P., Mellado, A., Velasco, J., & Millan,
A. (2006). Are water beetles good indicators of biodiversity in
Mediterranean aquatic ecosystems? The case of the Segura river
basin (SE Spain). Biodiversity and Conservation, 15(14), 4507-4520.
https://doi.org/10.1007/s10531-005-5101-x


https://doi.org/10.3897/BDJ.8.e55137
https://doi.org/10.3897/BDJ.8.e55137
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
http://dx.doi.org/10.1111/mec.15632
http://dx.doi.org/10.1111/mec.15632
https://doi.org/10.1002/ece3.1497
https://doi.org/10.1371/journal.pcbi.1005404
https://doi.org/10.1371/journal.pcbi.1005404
https://doi.org/10.1038/nprot.2013.038
https://doi.org/10.1111/1755-0998.13088
https://doi.org/10.1371/journal.pone.0139633
https://doi.org/10.1101/575928
https://doi.org/10.1186/1472-6785-12-28
https://doi.org/10.1186/1472-6785-12-28
https://doi.org/10.1016/bs.aecr.2016.08.008
https://doi.org/10.1016/bs.aecr.2016.08.008
https://doi.org/10.3897/rio.2.e11321
https://doi.org/10.3897/rio.2.e11321
https://doi.org/10.1111/1755-0998.12940
https://doi.org/10.1111/1755-0998.12940
https://doi.org/10.3897/mbmg.2.26664
https://doi.org/10.1111/1755-0998.13071
https://doi.org/10.1111/1755-0998.13071
https://doi.org/10.1111/1755-0998.13012
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1071/MF13135
https://doi.org/10.1071/MF13135
https://doi.org/10.1109/RCIS.2013.6577673
https://doi.org/10.1016/j.ecolind.2019.105470
https://doi.org/10.1016/j.ecolind.2019.105470
https://doi.org/10.1002/edn3.16
https://doi.org/10.1016/j.scitotenv.2018.05.002
https://doi.org/10.1016/j.scitotenv.2018.05.002
http://dx.doi.org/10.1002/edn3.116
https://doi.org/10.1899/0887-3593(2006)025%5B0730:FTNONA%5D2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)025%5B0730:FTNONA%5D2.0.CO;2
https://doi.org/10.1007/s10531-005-5101-x

MARTINS ET AL.

3238
—I—Wl |l DA4= MOLECULAR ECOLOGY

Santana, J., Porto, M., Reino, L., Moreira, F., Ribeiro, P. F., Santos,
J. L., ... Beja, P. (2017). Using beta diversity to inform agricul-
tural policies and conservation actions on Mediterranean farm-
land. Journal of Applied Ecology, 54(6), 1825-1835. https://doi.
org/10.1111/1365-2664.12898

Serrana, J. M., Miyake, Y., Gamboa, M., & Watanabe, K. (2019).
Comparison of DNA metabarcoding and morphological identification
for stream macroinvertebrate biodiversity assessment and monitor-
ing. Ecological Indicators, 101, 963-972. https://doi.org/10.1016/j.
ecolind.2019.02.008.

Shen, W., & Xiong, J.(2019). TaxonKit: A cross-platform and efficient NCBI
taxonomy toolkit. BioRxiv, 513523. https://doi.org/10.1101/513523

Shokralla, S., Singer, G. A. C., & Hajibabaei, M. (2010). Direct PCR ampli-
fication and sequencing of specimens’ DNA from preservative eth-
anol. BioTechniques, 48(3), 305-306. https://doi.org/10.2144/00011
3362

Stefanni, S., Stankovié¢, D., Borme, D., de Olazabal, A., Jureti¢, T,
Pallavicini, A., & Tirelli, V. (2018). Multi-marker metabarcoding ap-
proach to study mesozooplankton at basin scale. Scientific Reports,
8(1), 1-13. https://doi.org/10.1038/s41598-018-30157-7

Taberlet, P., Bonin, A., Zinger, L., & Coissac, E. (2018). Environmental
DNA: For biodiversity research and monitoring, 1st edn, Oxford, UK:
Oxford University Press. https://doi.org/10.1093/0s0/9780198767
220.001.0001

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

Visco, J. A., Apothéloz-Perret-Gentil, L., Cordonier, A., Esling, P., Pillet,
L., & Pawlowski, J. (2015). Environmental monitoring: Inferring the
diatom index from next-generation sequencing data. Environmental
Science and Technology, 49(13), 7597-7605. https://doi.org/10.1021/
es506158m

Wangensteen, O. S., Palacin, C., Guardiola, M., & Turon, X. (2018). DNA
metabarcoding of littoral hard bottom communities: High diversity

and database gaps revealed by two molecular markers. PeerJ, 6, 1-30.
https://doi.org/10.7717/peerj.4705

Weigand, H., Beermann, A. J., Ciampor, F., Costa, F. O., Csabai, Z., Duarte,
S.,... Ekrem, T. (2019). DNA barcode reference libraries for the mon-
itoring of aquatic biota in Europe: Gap-analysis and recommenda-
tions for future work. Science of the Total Environment, 678, 499-524.
https://doi.org/10.1016/j.scitotenv.2019.04.247

Zhan, A., Bailey, S. A., Heath, D. D., & Macisaac, H. J. (2014).
Performance comparison of genetic markers for high-throughput
sequencing-based biodiversity assessment in complex communi-
ties. Molecular Ecology Resources, 14(5), 1049-1059. https://doi.
org/10.1111/1755-0998.12254

Zhang, Z., Schwartz, S., Wagner, L., & Miller, W. (2000). A greedy algo-
rithm for aligning DNA sequences. Journal of Computational Biology,
7, 203-214. https://doi.org/10.1089/10665270050081478

Zizka, V. M. A, Leese, F., Peinert, B., & Geiger, M. F. (2019). DNA me-
tabarcoding from sample fixative as a quick and voucher-preserving
biodiversity assessment method. Genome, 62(3), 122-136. https://
doi.org/10.1139/gen-2018-0048

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

How to cite this article: Martins FMS, Porto M, Feio MJ, et al.
Modelling technical and biological biases in
macroinvertebrate community assessment from bulk
preservative using multiple metabarcoding markers. Mol Ecol.
2021;30:3221-3238. https://doi.org/10.1111/mec.15620



https://doi.org/10.1111/1365-2664.12898
https://doi.org/10.1111/1365-2664.12898
https://doi.org/10.1016/j.ecolind.2019.02.008
https://doi.org/10.1016/j.ecolind.2019.02.008
https://doi.org/10.1101/513523
https://doi.org/10.2144/000113362
https://doi.org/10.2144/000113362
https://doi.org/10.1038/s41598-018-30157-7
https://doi.org/10.1093/oso/9780198767220.001.0001
https://doi.org/10.1093/oso/9780198767220.001.0001
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/10.1021/es506158m
https://doi.org/10.1021/es506158m
https://doi.org/10.7717/peerj.4705
https://doi.org/10.1016/j.scitotenv.2019.04.247
https://doi.org/10.1111/1755-0998.12254
https://doi.org/10.1111/1755-0998.12254
https://doi.org/10.1089/10665270050081478
https://doi.org/10.1139/gen-2018-0048
https://doi.org/10.1139/gen-2018-0048
https://doi.org/10.1111/mec.15620

