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Abstract
Current biodiversity assessment and biomonitoring are largely based on the morphological identification of selected
bioindicator taxa. Recently, several attempts have been made to use eDNA metabarcoding as an alternative tool.
However, until now, most applied metabarcoding studies have been based on the taxonomic assignment of
sequences that provides reference to morphospecies ecology. Usually, only a small portion of metabarcoding data
can be used due to a limited reference database and a lack of phylogenetic resolution. Here, we investigate the possibility to overcome these limitations using a taxonomy-free approach that allows the computing of a molecular index
directly from eDNA data without any reference to morphotaxonomy. As a case study, we use the benthic diatoms
index, commonly used for monitoring the biological quality of rivers and streams. We analysed 87 epilithic samples
from Swiss rivers, the ecological status of which was established based on the microscopic identification of diatom
species. We compared the diatom index derived from eDNA data obtained with or without taxonomic assignment.
Our taxonomy-free approach yields promising results by providing a correct assessment for 77% of examined sites.
The main advantage of this method is that almost 95% of OTUs could be used for index calculation, compared to
35% in the case of the taxonomic assignment approach. Its main limitations are under-sampling and the need to calibrate the index based on the microscopic assessment of diatoms communities. However, once calibrated, the taxonomy-free molecular index can be easily standardized and applied in routine biomonitoring, as a complementary tool
allowing fast and cost-effective assessment of the biological quality of watercourses.
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Introduction
Various biotic indices are widely used for the assessment
of water quality. Traditionally, the indices are calculated
based on the diversity of selected bioindicator taxa identified morphologically (Borja & Dauer 2008; Poikane et al.
2011). Recently, several attempts have been made to use
eDNA data to infer the community structure of bio-indicator species (Baird & Hajibabaei 2012; Chariton et al.
2015). Several factors have been identified that may
potentially impede the correct assignment of sequences
to morphospecies and therefore the calculation of accurate indices. In particular, the incompleteness of the
genetic database, the lack of resolution of phylogenetic
markers and cryptic diversity (Yu et al. 2012; Carew et al.
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2013; Eiler et al. 2013) have been highlighted as major
issues. To overcome these limitations, we examine here
whether it is possible to infer a molecular index
directly from eDNA data without referring to the
morphotaxonomy.
As a case study, we chose benthic diatoms, which are
widely used as bioindicators of rivers and streams
because of their high sensitivity to environmental
changes and well-established taxon-specific ecological
tolerances and preferences (Stevenson et al. 2010). In
2000, the European Union published a directive, the
Water Framework Directive (Directive 2000/60/EC), that
commits all member states to evaluate the status of their
water bodies and to achieve a good status for them by a
set deadline, recommending diatoms as one of the ideal
bioindicators for river assessment. Different biotic
indices are used across the different countries (Kelly
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et al. 2008). In Switzerland, two biological indices are
used to comply with the concomitant ecological objectives specified by the Swiss decree on water protection
(Swiss Federal Council 1998), the IB-CH using macrozoobenthos and the DI-CH, using diatoms. The Swiss
Diatom Index (DI-CH) is based on chemical parameters
indicating anthropogenic pollution and classifies the
water quality into five different ecological classes on a
scale from 1 to 8 (1–3.5: very good; 3.5–4.5: good; 4.5–5.5:
average; 5.5–6.5: bad; 6.5–8: very bad). The calculation
follows the weighted average equation of Zelinka & Marvan (1961) and is defined as
Pn
i¼1 Di Gi Hi
DI  CH ¼ P
n
i¼1 Gi Hi
This equation involves an autecological value D and a
weighting factor G, which are specific to each species. It
also uses an additional parameter H, which corresponds
to the relative frequency of a particular taxon in the sample.
Like other diatom indices (Kelly et al. 2001; Coste
et al. 2009), the DI-CH requires a morphologic determination to the species level. This requirement is a major
weakness of the currently used system. Indeed, diatoms
are a highly diverse group of protists and the identification of their tiny frustules requires special sample preparation, high-quality microscopes and in-depth taxonomic
expertise. Inter-calibration exercises among specialists
are organized to validate the robustness of the indices.
These time-consuming limiting factors contrast with the
need for the fast routine assessment of water quality
required by Water Framework Directive and the Swiss
Federal Office for the Environment.
The development of high-throughput sequencing
(HTS) technologies applied to diversity surveys of
microbial eukaryotes communities provided a possibility to overcome some of these limitations (Pawlowski
et al. 2016). Several attempts have been made to use
HTS eDNA metabarcoding as a tool for identifying diatom species either in mock communities (Kermarrec
et al. 2013, 2014) or in environmental samples (Kermarrec et al. 2014; Zimmermann et al. 2014, 2015; Visco
et al. 2015). Some authors attempted to infer diatom
indices from metabarcoding data (Kermarrec et al.
2014; Visco et al. 2015; Keck et al. 2016). However, the
results of these studies were not entirely satisfactory
due to uncertainties concerning the correct assignment
of sequences to morphospecies and various biases
involved in qualitative and quantitative analyses of
molecular data.
Here, we propose a taxonomy-free approach to calculate the Swiss Diatom Index values directly from
sequence data. To test this new approach, we analyse 87

epilithic samples from Swiss rivers, mostly located in the
Geneva basin, using the hypervariable region V4 of 18S
rDNA as the diatom DNA barcode and the Illumina
Miseq platform for sequencing. As illustrated in Fig. 1,
we calculate the DI-CH values inferred from molecular
data with two methods. First, by phylogenetic assignment of OTUs to morphospecies (DI-MOLTAXASSIGN –
pathway 2), as previously described in Visco et al. 2015.
Second, by assigning OTUs directly to ecological classes
(DI-MOLTAXFREE – pathway 3). Finally, we compare
those values with the ones derived from traditional
microscopic studies (DI-CH – pathway 1).

Material and methods
Sampling
In total, 87 samples were collected during the 2013–
2015 period in the Geneva and Neuch^
atel cantons in
Switzerland (Table S1, Fig. S1, Supporting information).
This number includes 27 samples already published in
(Visco et al. 2015). All the samples were collected as
part of the monitoring program for water quality performed by the Service of Water Ecology (SECOE) of the
Department of Environment, Transport and Agriculture of the Geneva canton and the Service of Energy
and Environment of the Neuch^
atel canton. The biofilm
containing epilithic diatoms was collected following
the directives established by the Swiss Federal Office
for the Environment (H€
urlimann & Niederhauser
2007). Each sample was divided into two subsamples
for morphological and molecular analyses. Morphological samples were preserved with a final concentration
of at least 4% of formaldehyde, while molecular samples were kept cold (ca. 0 °C) during sampling. In the
laboratory, about 1 mL of each sample suspension was
centrifuged and pellets were stored at 80 °C until further investigations.

Morphological analysis
The preparation of diatoms slides for microscopic
observation was performed as recommended by the
Swiss Federal Office for the Environment (H€
urlimann
& Niederhauser 2007). About 500 valves per sample
were counted and identified mainly with the bibliographic support of The Flora of Diatoms (Krammer &
Lange-Bertalot 1986-1992), Diatoms of Europe (LangeBertalot 2001) and Iconographia Diatomologica
(Lange-Bertalot & Metzeltin 1996; Reichardt 1999),
and Diatomeen im S€
usswasser-Benthos von Mitteleuropa (Hofmann et al. 2011). In the case of the samples
from Neuch^
atel, after the 500 valves had been
counted, the preparations were scanned for 20 min to
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Fig. 1 Workflow illustrating the different methods used in this paper.

find rare species. Finally, the DI-CH values for each
site were calculated following the equation described
above.

Reference database
We chose the V4 region following the work of (Zimmermann et al. 2011) and our previous study (Visco et al.
2015). Although alternative diatom barcodes, such as
rbcL, seem to offer better taxonomic resolution, we
favour the V4 region because its amplification from
eDNA samples is easier and its size better fits the
sequencing length of the Illumina Miseq platform.
We built a reference database of the 18S V4 region of
diatoms using online databases GENBANK Release 212
and R-SYST::DIATOM v5 (Rimet et al. 2016) and Sanger
sequences from previous environmental studies in the
Geneva basin (Visco et al. 2015). The region of interest
was cut from downloaded sequences and aligned using
the SEAVIEW program (Gouy et al. 2010). The alignment
was checked manually. Environmental sequences were
screened using UCHIME for chimeras (Edgar et al. 2011),
which were then removed. The remaining sequences
were analysed by Maximum Likelihood (ML) phylogenetic inference and those that did not branch in the clade
corresponding to their morphological identification were
discarded. After filtering, 1297 unique diatom sequences
were kept, including 155 environmental sequences coming from the same geographic area as the study
(Table S2, Supporting information).
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Molecular analysis
DNA was extracted with the PowerBiofilmâ DNA Isolation kit (MO BIO Laboratories Inc.) according to the
manufacturer instructions. Three extraction replicates
were performed for each sample. The hypervariable
region V4 of the 18S rRNA gene of diatoms was then
enriched by PCR amplification using specific diatom
primers modified after (Zimmermann et al. 2011). Following previous studies, PCRs were performed as
described in Visco et al. (2015), using unique combinations of forward and reverse primers tagged with individual tags composed of eight nucleotides attached at
each primers 50 -extremities (Esling et al. 2015). A total
of 20 different forward and reverse tagged primers
were designed to enable multiplexing of all PCR products in a unique sequencing library. The sequences of
tags and primers are provided in Table S3 (Supporting
information).
Two PCR replicates were performed for each extraction and were then pooled for purification with High
Pure PCR Cleanup Micro kit (Roche Diagnostics). In
total, six PCR replicates were pooled for each sample.
Purified PCR products were quantified with QuBit HS
ds DNA kit (Invitrogen) and pooled in equimolar quantities. Two libraries were prepared (DIATOM03 for
2014 samples and DIATOM05 for 2015 samples, containing 24 and 36 samples, respectively) using Illumina
TruSeqâ DNA PCR-Free Library Preparation Kit following the manufacturer’s instructions. The libraries were
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then quantified with qPCR using KAPA Library Quantification Kit and sequenced on a MiSeq instrument
using paired-end sequencing for 500 cycles with NANO
KIT v2.

HTS data analysis
Quality filtering and assembly were performed according to the method described in Visco et al. 2015;. The two
runs from our previous study and the two from this
study were combined, and this complete data set was
de-replicated; that is, the identical sequences were
grouped together to obtain unique sequences, called
Independent Sequence Units (ISUs). An abundance
threshold of 10 was used for the minimum number of
reads required for each ISU (Bokulich et al. 2013). We
removed the ISUs that did not match any diatom
sequences in the NCBI database with at least 99% coverage and 97% identity. ISUs were then grouped at 99%
using complete-linkage clustering method. Finally, we
removed chimeric sequences found with manual inspection of Uchime (Edgar et al. 2011) candidates.

Phylogenetic analyses
Taxonomic assignment of the operational taxonomic
units (OTUs) was checked by phylogenetic analyses. The
most abundant ISUs were used as the representative
sequence for each OTU and were aligned to the reference
database. The Maximum Likelihood (ML) phylogeny
was constructed using RAXML V.7.2.8 (Stamatakis 2014)
with GTR + G as model of evolution and 1000 replicates
for the bootstrap analysis. The OTUs were then assigned
to a morphospecies if they formed a clade supported by
bootstrap values >60, following our previous study
(Visco et al. 2015) and that of (Zimmermann et al. 2015).
After the OTUs were assigned, DI-CHMOLTAXASSIGN
scores were calculated based on the molecular data,
using the D and G values given by the assigned species
and the relative frequency of reads for the H factor.

Calculation of ecological values
To calculate the autecological value D and the weighting
factor G for each OTU, we rely on an approach similar to
that used to create the DI-CH index itself (H€
urlimann &
Niederhauser 2007). For the calibration, the reference status for each site was given by the DI-CH values. For the
calculation, only the OTUs with a relative frequency >1%
in at least one sample were kept. To find the autecological value D, the samples were grouped into 15 classes
from 1 to 8 with a step of 0.5 according to their ecological
status. For each OTU, the class with the highest 80th percentile of relative frequencies was then kept as the D

value. For the weighting factor G, the samples were
grouped into eight ecological classes. For each OTU, the
distribution of 80% of its total abundance across the eight
classes was used to determine the weighting factor,
using the following thresholds. 8: OTUs present in
classes 1–3 and 7–8, corresponding to extreme ecological
status. 4: OTUs present in 1 class only. 2: OTUs present
in 2 classes. 1: OTUs present in 3 classes. 0.5: abundant
OTUs present in a minimum of 4 classes or representing
at least 3% in 3 classes. The workflow for this computation is summarized in Fig. S2 (Supporting information).
This calculation was first done with the complete data
set to compare the values given by the species assigned
with the ones inferred from the DI-MOLTAXFREE
approach.

Inference of the molecular index and cross-validation
The molecular index was inferred from HTS data based
either on those OTUs that could be assigned to morphospecies (DI-MOLTAXASSIGN) or all OTUs having a relative abundance of more than 1% in at least one sample of
the data set (DI-MOLTAXFREE). In the second case, the
ecological values D and G were calculated as described
above, while the H values were equal to the relative
number of sequences (reads) for each OTU.
To evaluate the status of the taxonomy-free index
(DI-MOLTAXFREE), two cross-validation tests were
performed. In each case, the D and G values were recalculated without the tested samples. First, we used a
leave-one-out cross-validation. To do so, one sample was
removed from the data set for the calculation of the value
D and the factor G. Then, these D and G values were
used to calculate the DI-MOLTAXFREE index of the
removed sample. This process was repeated for each
sample. Second, we performed a 25/75 cross-validation
in which the D and G values were calculated for 65 sites
and the evaluation of the index on the 22 remaining sample. The sites were randomly chosen, and the validation
was repeated for 1000 trials. The formula used to calculate the DI-MOLTAXFREE was the same as for the calculation of the morphological DI-CH presented in the
introduction.

Results
HTS data
The samples were sequenced in four independent Illumina runs. A total number of 2 206 456 good reads distributed across the 87 samples remained after filtering.
The details for each run are described in Table S4 (Supporting information). The reads from all runs were
dereplicated, resulting in 3079 ISUs. The ISUs were
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clustered into 663 OTUs. After chimera removal, a final
number of 440 OTUs was used for further analyses. The
distribution of these OTUs and the number of reads per
site are detailed in Table S5 (Supporting information).
The number of OTUs per site varied from 1 (FOS) to 77
(VXB) with a median value of 27 (Table S6, Supporting
information).

Taxonomic assignment
We built a ML tree with our reference database and all
OTUs (Fig. S3, Supporting information). After analysis,
152 OTUs (35%) were assigned to 43 morphospecies, of
which 28 were found in the morphological analyses,
while 15 matched to morphospecies not found microscopically in our samples. Figure S4 (Supporting information) shows the number of morphospecies recognized
through morphological analysis, and in the genetic database and our HTS data set after phylogenetic assignment. Almost 70% of the morphospecies (185/269) found
in the morphological counts were not represented in the
database, leaving 84 morphospecies that were represented in the database. However, among these only 28
species were assigned in the molecular data set.

Morphological analysis
Morphospecies were counted, and the relative abundance of each taxon was calculated for each site
(Table S7, Supporting information). A total of 269
morphospecies was identified across the 87 sites. The
number of taxa per site varied from 5 (AMB) to 72
(PTH) with a median value of 24 (Table S6, Supporting information). The ecological status values ranged
between 1.61 (VXD) and 7.98 (AMB). The different
ecological classes (very good, good, average, bad and
very bad) were represented by 15, 26, 25, 12 and 9
sites, respectively (Table S8, Supporting information).
These DI-CH values were used as references for the
molecular analysis.
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D
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Ecological values comparison
In this section, we compare the D and G values provided
by the morphological database with those inferred from
molecular data (DI-MOLTAXFREE). To do so, we
selected 78 of 152 taxonomically assigned OTUs that
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Fig. 2 Comparison of DG values for 78
assigned OTUs. The figure is separated
into two parts: D values on the left and G
values on the right. For each value, the
sankey diagram (a) represents the relationship between the values inferred from
morphology (DI_CH), and those inferred
by the molecular index (DI-MOLTAXFREE). The links represent the assigned
OTUs. Pie charts (b) represent the proportion of assigned OTUs as a function of the
number of classes that change between
their two values. No class changes are
indicated in black, one class changes in
dark grey, two classes change in medium
grey and three classes change in light
grey. For the D value, the class are separated as follows: 1–3.5: very good; 3.5–4.5:
good; 4.5–5.5: average; 5.5–6.5: bad; 6.5–8:
very bad and the scale of the G value is
0.5, 1, 2, 4 and 8.
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could be given the D and G values of the related morphospecies and represented more than 1% of the total
number of sequences in at least one sample of the data
set. The selected OTUs were assigned to 23 different
morphospecies. Their D and G values obtained from the
morphotaxonomic database were compared to the values
obtained by the taxonomy-free approach (Fig. 2).
More than half of the 78 OTUs show a morphological
and a molecular D value indicating the same ecological
status and 15% of the OTUs show exactly the same G values. These numbers increase to 83% and 59% with a
maximum of one change for the D value and G value,
respectively. For both values, <10% show a drastic
change of three categories difference. The D and G values are given for each assigned OTUs in Table S9 (Supporting information).

Relative abundance
Besides the ecological values D and G, we also compared
the relative abundance of each species based on microscopic counts of specimens found at a particular site to
the relative abundance of the corresponding OTU represented by the number of HTS reads (sequences). In
Fig. S5 (Supporting information), we provide the results
of this comparison for the 23 assigned morphospecies. In
the majority of cases, we observed that the relative abundance of sequences is higher compared to the abundance
of specimens (circles are located above the triangles).
However, in few cases (e.g. Sellaphora seminulum), the

opposite is observed. We calculated the correlation
between the morphological and the molecular abundance for the four most abundant species. As shown in
Fig. S6 (Supporting information), three species (Cocconeis
placentula, Eolimna minima, Planothidium lanceolatum)
showed a strong correlation (R2 = 0.79, 0.76 and 0.90,
respectively, with P-values < 0.0001), whereas Achnanthidium minutissimum did not (R2 = 0.41).

Diatom index
The molecular scores inferred using the taxonomic
assignment (DI-MOLTAXASSIGN) and the taxonomyfree method (DI-MOLTAXFREE) were compared to
examine the coverage of the HTS data set by each of
those two approaches. The range of the values calculated
by the DI-MOLTAXASSIGN was 3.00–7.98 compared
with 2.7–6.93 for the DI-MOLTAXFREE method. As illustrated in Fig. 3, the taxonomic assignment method utilized 36% of the reads, whereas the taxonomy-free
approach utilized 98% of the data set. Similar proportions were found in the number of OTUs, with 38% and
85% of OTUs included in the taxonomic assignment and
taxonomy-free approaches, respectively. For only one
site (HEP), the number of OTUs used in the taxonomic
assignment method was greater than in the taxonomyfree approach. This particular site shows a huge genetic
diversity in Cocconeis placentula (17 different OTUs),
although six of them were very rare and therefore were
removed from the taxonomy-free analysis.
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given by the calculation of DI-CH values with Morphology (DI-CH), Molecular index (DI-MOLTAXFREE) or Taxonomic assignment
(DI_MOLASSIGN). For the molecular index, the results of the leave-one-out cross-validation are used. The very good, good, average,
bad and very bad statuses are represented with blue, green, yellow, orange and red colour, respectively.
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good classes, respectively (Fig. S7, Supporting information).
In the case of DI-MOLTAXFREE, the leave-one-out
cross-validation test was used to better illustrate the
comparison with DI-MOLTAXASSIGN (Fig. 4). However, similar results were obtained using the 25/75 crossvalidation tests (shown as stars in Fig. 4 and illustrated
in Figs S8 and S9, Supporting information). The seven
most problematic sites remain the same in the two crossvalidation tests. In those cases, the difference compared
to the DI-CH is >1.5 for the leave-one-out analysis and
for the 25/75 cross-validation, <6% of the trials show a
difference below 1. Four of these seven sites belong to
the very good quality class.

Discussion
Overcoming the taxonomic assignment issue
The main objective of this study was to test whether the
step of taxonomic assignment is necessary to calculate a
molecular diatom index with eDNA data. Previous studies highlighted various biases introduced by this step but
still kept it as an integral part of their analyses (Kermarrec et al. 2014; Visco et al. 2015; Zimmermann et al. 2015).
The present study shows that the molecular index computed with (DI-MOLTAXASSIGN) or without (DI-
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The central part of Fig. 3 indicates the ecological status
inferred by each approach. The two molecular methods
(taxonomic assignment and taxonomy-free) give the same
ecological status for 45% (38/85) of the samples; 14 of
them are congruent with the morphological evaluation.
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gave the same class as the DI-CH compared with 30%
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and VEF), no sequences could be assigned and, therefore,
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Fig. 4 Comparison between the DI-CH values given by morphology and molecular methods (taxonomic assignment on the left and
leave-one-out cross-validation on the right). For each method, two types of graphics are represented. The scatter plots show the relationships between the DI-CH inferred from morphological (x-axis) and the molecular methods (y-axis). Coloured boxes represent the ecological status given by the DI-CH (blue: very good, green: good, yellow: average, orange: poor, red: bad). The regression line for all
samples is represented by dashed line, and the R2 and P-value are indicated for each graph. The bar plots show for each site the absolute
difference between the DI-CH values given by the morphology and the molecular methods. Sites are coloured in function of their DICH value (blue: very good, green: good, yellow: average, orange: poor, red: bad). Above each site name, the number of OTUs used to
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MOLTAXFREE) taxonomic assignment is not significantly different. Moreover, we observe a higher correlation between morphological and molecular indices in the
case of the taxonomy-free approach (Fig. 4), suggesting
that taxonomic assignment may not be essential for
eDNA-based diatom monitoring.
Our results suggest that the main benefit of taxonomy-free approach lies in its much higher data coverage
compared to the use of taxonomic assignment. The latter
step considerably reduces the amount of available data
due to the incompleteness of genetic reference databases,
which comprise only 31% of the morphospecies identified in this study. This small number is reduced further
to 10%, as 56 morphospecies present in genetic database
(many belonging to the genus Navicula) could not be correctly assigned because of the lack of resolution of the
18S V4 marker. The selection of another marker (e.g. rbcL
proposed by Kermarrec et al. 2013 and MacGillivary &
Kaczmarska 2011) could probably improve the phylogenetic assignment for some species. However, it is uncertain whether the global data coverage would be much
better.
Even if all morphospecies were sequenced with a
more highly resolving marker, the taxonomic assignment
will still be compromised by the issue of cryptic genetic
diversity. It is well known that, in common with many
other protists, the majority of diatom morphospecies are
represented by large numbers of OTUs that are not
always monophyletic (Amato et al. 2007; Beszteri et al.
2007; Rimet et al. 2014; Rovira et al. 2015; Van den Wyngaert et al. 2015). For example, Cocconeis placentula is represented in our data by 17 OTUs. Although this species
complex has been split morphologically into several subspecies, their correspondence to numerous OTUs branching within the C. placentula clade is not well established.
As a result, it is not possible to use different ecological
values assigned to these subspecies and, conversely, to
take advantage of ecological values assigned to C. placentula OTUs by the taxonomy-free approach. Regarding
the practical application of the diatom index, the main
problem with the taxonomic assignment approach is not
so much the lack of correspondence between OTUs and
morphospecies, but the difficulty of avoiding the errors
introduced by the direct translation of ecological values
associated with morphospecies to corresponding OTUs.

Accuracy of ecological values
By overcoming the step of taxonomic assignment, our
method provides an independent assessment of ecological values. These values have been estimated directly
from the HTS data, using morphological analyses as a
reference to establish the ecological status of each site.
As such estimations have never been attempted before,

we examine the difference between these newly calculated values and those given by morphological observations. Although this comparison could only be
performed on a few assigned OTUs and a limited number of sites, the results shown in Fig. 2 and Fig. S6 (Supporting information) are promising.
In the case of the autecological D values, the same
ecological status was obtained for most of the OTUs. On
the contrary, the variations of the weighting factor G are
wider, with most of the OTUs having G values more or
less equally distributed between 0.5 and 8, while most
morphospecies are characterized by a G value of 1
(Fig. 2). As the G value reflects the occurrence of species/OTU across the sites, it is possible that these wider
variations are related to the presence of extracellular
DNA that can be dispersed over large distances (Deiner
& Altermatt 2014). Alternatively, it is possible that the G
values are affected by low amplification efficiency, which
artificially reduces the range of occurrence, making the
ecological tolerance of a given OTU appear narrower
than in morphological surveys.
The accuracy of the DI-MOLTAXFREE also depends
on the stability of D and G values during cross-validation. As illustrated in Fig. S10 (Supporting information),
the values of the weighting factor G are relatively stable,
with 83% of 228 analysed OTUs changing less than one
category. In the case of D values, the variations are
greater, although they rarely exceed two points. These
large variations can be an effect of under-sampling, limiting the number of sites where an OTU occurs. This probably applies in the case of OTU 427, which is responsible
for the highest difference between the DI-MOLTAXFREE
and the DI-CH index found at the site BFE. Another possibility is that morphological misidentification leads to
an erroneous assessment of some sites where an OTU is
present. Such misidentifications can occur when the samples are processed routinely without a detailed scanning
electron microscope examination of each specimen. To
avoid such errors, it is necessary to stabilize the D and G
values by increasing the number of sites and adapting
the D and G values to the specificities of molecular data.

The issue of relative abundance
The third factor that influences the molecular index is
relative abundance. This is also examined here. It is
widely accepted that different technical and biological
biases impact the relative abundance of specimens and
sequences, making impossible the use of quantitative
data in HTS surveys (Elbrecht & Leese 2015). However,
this was not confirmed by the present study, at least as
far as the most abundant species are concerned (Fig. S6,
Supporting information). The same tendency was
observed in other protists, such as foraminifera, where
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the same species dominated morphological and molecular assemblages (Pawlowski et al. 2014). We could speculate that this relatively good match between the numbers
of specimens and sequences of abundant species is reinforced by the exponential character of PCR amplification.
As shown in the case of C. placentula and E. minima
(Fig. S6, Supporting information), when a species is very
abundant in microscopic counts, it is often even more
abundant in HTS reads. However, this is not always true.
For example, at some sites, the relative abundance of
specimens of Sellaphora seminulum exceeds the abundance of reads (Fig. S7, Supporting information), suggesting that the PCR amplification may not be very
efficient in this species.
In general, the importance of quantitative biases
seems to be reduced in the case of small, single-cell
organisms such as diatoms or foraminifera. However,
the biomass of protistan cells can also vary considerably
and the variability of rRNA copy numbers has been
demonstrated in some diatoms (Alverson & Kolnick
2005; Godhe et al. 2008) and other protists (Gong et al.
2013; Weber & Pawlowski 2013). The taxonomy-free
approach avoids this problem, because it does not
involve the direct comparison of the relative abundance
of specimens and sequences. Assuming that the PCR and
other technical biases are the same across the samples for
a given OTU (as long as the experimental conditions
remain unchanged), the impact of these biases on the
accuracy of taxonomy-free molecular index will be less
important and easier to control than in the case of taxonomic assignment approach. Nevertheless, the formulae
on which current indices are based are not adapted
specifically for quantitative HTS data; a special effort will
be required to address this issue in future studies.

This can be explained by the fact that these very good
water quality sites are not characterized by specific indicator species but rather by different species-rich communities (Whitton et al. 1991; H€
urlimann & Niederhauser
2007), which might be difficult to reconstruct without an
extensive sampling. Conversely, the lack of congruence
observed in the case of the bad and very bad quality sites
can be explained the fact that these sites are usually characterized by high abundances of a few indicator species
(Hill et al. 2001; Stevenso et al. 2010). When these sites
appear rarely in the data set because of under-sampling,
the absence of indicator species/OTUs in cross-validation studies may lead to the totally wrong assignment of
a given site, as possibly happened in the case of sites
AMB and BFE in our analyses (Fig. 4).
These few examples highlight the importance of sampling effort to ensure the accuracy of ecological values
associated with OTUs in the taxonomy-free approach.
However, even the most extensive eDNA sampling will
not be able to alleviate all limitations of using OTUs
rather than morphospecies to evaluate the quality of the
environment. In particular, the metabarcoding data are
unable to provide the kind of ecological information that
is available through microscopic observations. For example, the list of OTUs and their relative frequencies says
nothing about the physiological state of species, which
can be measured by the proportion of teratological morphotypes in microscopic analyses (reviewed in Falasco
et al. 2009). In general, the extensive knowledge of the
taxonomy, biology and ecology of diatoms that can be
derived from microscopic observations cannot be easily
applied to the interpretation of molecular data. Therefore, the taxonomy-free index should be considered as a
complementary tool rather than as a replacement for
morphology-based studies.

Limitations of taxonomy-free approach
Although, as mentioned above, the taxonomy-free index
has many advantages, it also has some important limitations that have to be overcome before the index can be
used routinely. In view of our results, the most important factor causing incongruence between molecular and
morphological indices is the lack of comprehensive sampling. As illustrated in Fig. 4, the DI-MOLTAXFREE
approach considerably reduced the number of incorrectly assigned sites compared to the DI_MOLTAXASSIGN method. Yet, there are still sites that differ
significantly from their status according to the morphological DI-CH method, and remarkably, most of them
belonging to the under-sampled classes of very bad, bad
and very good water quality.
The effect of under-sampling is particularly dramatic
in the case of very good (blue) sites, half of which lie outside the 1-point limit (Fig. S5, Supporting information).
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Future challenges and perspectives
Our study raises several questions concerning the applicability of taxonomy-free approach in routine biomonitoring. Some of these questions, concerning the
geographic range of OTUs and their ecological preferences, can hardly be answered without extensive sampling. Therefore, to further test the taxonomy-free index,
the most important challenge is to obtain data from a
much broader geographic area and from more diverse
habitats. As shown by our results, the assessment of
water quality is relatively good in the case of sites of
average and good ecological status that dominate in our
sampling. On the contrary, the diatom communities of
the very good and very bad quality sites are not yet sufficiently represented in our data sets and, therefore, the
inferred ecological values are not accurate enough. This
highlights the importance of having not only numerous
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sites but also sufficiently varied sampling habitats to
cover the widest diversity possible.
Another important challenge is the calibration of the
taxonomy-free index. In the present study, we relied on
a well-established diatom index that is routinely used to
characterize water quality in Swiss rivers and streams.
The Swiss index and other diatom indices currently
available are based on decades of microscopic data collection that has provided comprehensive information
about diatom species ecology and distribution. These
morphological data are essential to calibrate the taxonomy-free index and ensure its accuracy and robustness.
However, where morpho-taxonomic data are not available due to a lack of taxonomic expertise, other types of
data, such as chemical parameters or macro-invertebrate
surveys, could serve as alternative calibration options.
The most readily available data are chemical parameters.
Yet, to be useful for diatom index calibration, the chemical analyses have to be conducted over longer periods of
time. Depending on the diversity and geographic ranges
of diatom OTUs, calibration of the taxonomy-free index
would be necessary for different habitats and geographic
localities. However, once the index is properly calibrated, the ecological values for each OTU will be more
stable and the values of diatom index will be more reliable.
To conclude, our study demonstrates the great potential of the taxonomy-free molecular index for environmental biomonitoring. Although our work focuses on
diatoms and the specific case of the Swiss diatom index,
the taxonomy-free approach could easily be applied to
other groups of single-cell bioindicators, such as ciliates
(Lee et al. 2004; Chen et al. 2008; Jiang et al. 2011), and
foraminifera (Sch€
onfeld et al. 2012; Vidovic et al. 2014;
Alve et al. 2016). New molecular indices could also be
tested for microbial and meiofaunal taxa that are not currently used as bioindicators. The implementation of these
new indices would help to extend the range of monitored sites and increase the frequency of monitoring.
Once established, molecular indices could provide a fast,
easily standardized and highly sensitive tool that complements the current morphology-based methods available for the water quality assessment.
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