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Abstract
Recently, several studies demonstrated the usefulness of diatom eDNA metabarcod-
ing as an alternative to assess the ecological quality of rivers and streams. However, 
the choice of the taxonomic marker as well as the methodology for data analysis 
differ between these studies, hampering the comparison of their results and effec-
tiveness. The aim of this study was to compare two taxonomic markers commonly 
used in diatom metabarcoding and three distinct analytical approaches to infer a mo-
lecular diatom index. We used the values of classical morphological diatom index as 
a benchmark for this comparison. We amplified and sequenced both a fragment of 
the rbcL gene and the V4 region of the 18S rRNA gene for 112 epilithic samples from 
Swiss and French rivers. We inferred index values using three analytical approaches: 
by computing it directly from taxonomically assigned sequences, by calibrating de 
novo the ecovalues of all metabarcodes, and by using a supervised machine learning 
algorithm to train predictive models. In general, the values of index obtained using 
the two “taxonomy-free” approaches, encompassing molecular assignment and ma-
chine learning, were closer correlated to the values of the morphological index than 
the values based on taxonomically assigned sequences. The correlations of the three 
analytical approaches were higher in the case of rbcL compared to the 18S marker, 
highlighting the importance of the reference database which is more complete for 
the rbcL marker. Our study confirms the effectiveness of diatom metabarcoding as an 
operational tool for rivers ecological quality assessment and shows that the analyti-
cal approaches by-passing the taxonomic assignments are particularly efficient when 
reference databases are incomplete.
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1  | INTRODUC TION

Increasing anthropogenic impacts on the environment prompts 
many countries to implement special measures to assess these im-
pacts and mitigate their effects. Current legislation in EU (WFD, 
European Commission, 2000) and Switzerland (Swiss Federal 
Council, 1998) recommends using several different biologi-
cal groups to assess the ecological status of rivers and streams. 
Diatoms are one of these groups of organisms that are used for 
biomonitoring because they respond quickly to environmental 
changes and are highly sensitive to physicochemical stressors 
(Rimet & Bouchez, 2012). Therefore, several biotic indices based 
on taxonomic and ecological knowledge of diatom communities 
have been developed to assess environmental impacts (e.g., TDI 
in UK, IBD and IPS in France, the latter is also used in several 
European countries). Most of these indices followed the weighted 
average equation of Zelinka and Marvan (1961) that is based on 
the relative frequency of species weighted by their autecological 
value.

In Switzerland, the Swiss Diatom Index (DI-CH) was first devel-
oped using more than 3,500 river samples. Out of the 780 morpho-
logical taxa found in those sites, autecological values and weighting 
factors for the calculation of the index were kept for 300 taxa. The 
calculation also includes the relative frequency of each taxon in the 
sample (Hürlimann & Niederhauser, 2007). This index was calibrated 
to fit the recommendations given by the federal ordinance in terms 
of chemical pollution and organic enrichment of running water 
(Swiss Federal Council, 1998). Traditionally, the majority of diatom 
indices are calculated based on morphotaxonomic identification of 
diatoms in biofilm samples following identification keys. This process 
is particularly time consuming as samples have to be analysed one 
after the other under a microscope by an expert in diatoms’ identifi-
cation (Keck et al., 2017).

Environmental (e)DNA metabarcoding (as defined by Tab erlet 
et al., 2012) applied to high-throughput sequencing of diatom taxa 
present in biofilm samples could overcome the limitations of the 
traditional microscopic approach. A molecular diatom index (MDI) 
inferred from eDNA metabarcoding data could provide several 
advantages for routine bioassessment. First, the ecological status 
could be inferred far more rapidly, and at lower costs. Moreover, the 
results could be much easier to control and compare because they 
would be based on comparable sequencing data. Indeed, the clas-
sical morphotaxonomic approach also presents its own biases and 
limitations, such as low taxonomic resolution and gaps in knowledge 
of morphospecies ecology (Pawlowski et al., 2018). Finally, many 
samples could be processed in parallel with molecular methods, 
which constitute a key advantage for large-scale and more contin-
uous surveys.

The eDNA metabarcoding has been successfully applied to mon-
itoring past and present biodiversity in various types of environment 
(reviewed in; Bohmann et al., 2014; Deiner et al., 2017; Pedersen 
et al., 2015; Tab erlet et al., 2012, 2018; Valentini et al., 2016). Its 
practical applications range from the detection of invasive and 

endangered species (Egan et al., 2015; Thomsen et al., 2012; Zaiko 
et al., 2015) to biodiversity surveys for assessing ecosystem condi-
tions (Bista et al., 2017; Chariton et al., 2015; Djurhuus et al., 2020) 
and industrial impacts (Lanzén et al., 2016; Laroche et al., 2018; 
Pawlowski et al., 2014). Special attention was paid to inferring bi-
otic indices from eDNA metabarcoding data (Pawlowski et al., 2018). 
Some studies compared the traditional morphotaxonomy-based 
indices to those inferred from metabarcoding data (Lejzerowicz 
et al., 2015). Others proposed new indices based on metabarcoding 
data (Aylagas et al., 2014, 2017; Keeley et al., 2018). New analytic 
approaches have been developed using machine learning to predict 
biotic indices from metabarcoding data (Cordier et al., 2017, 2018, 
2019; Frühe et al., 2020).

The usefulness of diatom metabarcoding to infer a species list 
and/or assess the water quality has been explored in several studies 
of European rivers and streams (Bailet et al., 2019; Kelly et al., 2018; 
Kermarrec et al., 2013, 2014; Pérez-Burillo et al., 2020; Rivera 
et al., 2020; Vasselon et al., 2017; Visco et al., 2015; Zimmermann 
et al., 2015). Some studies have been conducted to address method-
ological issues inherent to metabarcoding methods, focusing either 
on the generation of the data (DNA extraction: Vasselon et al., 2017; 
OTU clustering threshold: Tapolczai, Vasselon, et al., 2019) or on 
the interpretation of results based the current ecological knowl-
edge of diatoms (Keck et al., 2018; Mortágua et al., 2019; Vasselon 
et al., 2018). Extensive efforts have also been made to build a com-
prehensive reference sequence database for freshwater diatoms 
(Rimet et al., 2019). More recently, analytical approaches aiming to 
expand the range of possible bioindicators beyond the sole fraction 
of assigned sequences, i.e. the “taxonomy-free” approaches, have 
been proposed to optimize the use of diatom metabarcoding data 
for biomonitoring (Apothéloz-Perret-Gentil et al., 2017; Tapolczai, 
Keck, et al., 2019). Finally, a recent study proposed using machine 
learning algorithms to predict diatom communities and infer water 
quality based on the divergence of the genetic community compared 
to those on newly defined reference sites (Feio et al., 2020).

In this study, we compared the efficiency of two taxonomic 
markers (rbcL and 18S V4) and three analytical approaches for the 
inference of the MDI, in reference to the morphology-based Swiss 
Diatom Index (DI-CH). We used 112 biofilm river samples collected 
within the SYNAQUA project (Lefrançois et al., 2018). We employed 
(a) a taxonomy-based approach to compute the MDI values in a same 
manner as for morphological approach (Tax-Assign); (b) a taxono-
my-free, indicator value approach, that calibrates de novo the eco-
logical optimum and tolerance of all metabarcodes (Mol-Assign, see 
Apothéloz-Perret-Gentil et al., 2017); and (c) a supervised machine 
learning approach, that scrutinizes full community profiles across 
samples of known disturbance level to train a predictive model (ML) 
(Figure 1). We analysed the correlation between the MDI values 
inferred from molecular data and the DI-CH values obtained from 
morphological data for the same samples. We ranked the different 
combinations of marker-analytical approaches depending on their 
congruence with the morphological index and discuss the pros and 
cons of each approach.



     |  2961APOTHÉLOZ-PERRET-GENTIL ET AL.

2  | MATERIAL S AND METHODS

2.1 | Sampling

As part of the INTERREG SYNAQUA project (Lefrançois et al., 2018), 
112 samples of biofilms from rivers were collected in 2017. The sam-
pling campaigns were carried by the authorized authorities in both 
France (80 samples) and Switzerland (32 samples), these sites are 
part of the national surveillance networks (Table S1). Epilithic bio-
film samples were obtained by scraping the surface of 3–5 stones 
per site following the official recommendations for each country 
(CH: Hürlimann & Niederhauser, 2007; FR: AFNOR, 2014a). Half 
of each sample was used for morphological analysis and the other 
half for molecular analysis. All biofilm samples were preserved by 
adding 99% molecular grade ethanol for a final ethanol concentra-
tion > 70%, except the samples collected for Swiss morphological 
identification, for which a subsample was preserved in 4% formalin 
according to the Swiss legislation.

2.2 | DNA extraction

For French samples, 2 ml of biofilm was centrifuged at 13,000 rpm 
for 30 min at 4°C, the supernatant containing ethanol was re-
moved and the pellet used as starter for DNA extraction. Samples 
were then extracted using the DNA extraction kit Macheray-
Nagel NucleoSpin Soil kit following manufacturer recommenda-
tion starting with SL1 solution and with a final elution of 30 µl 
with the solution provided in the kit, as described in Vasselon, 
et al. (2017). For Swiss samples, DNA extraction was performed 
using 1 ml of the preserved sample. After centrifugation at 3'500 g    
during 5 min, the supernatant containing ethanol was removed 
and the pellet used as starter for DNA extraction. Each sample 
was extracted using the DNeasy PowerBiofilm kit (Qiagen) accord-
ing to the manufacturer's instructions, as described in Apothéloz-
Perret-Gentil et al. (2017) in a final elution of DNA in 100 µl with 
the solution provided in the kit. All DNA extracts were then stored 
at –20°C until PCR amplifications.

2.3 | PCR amplification and high-throughput 
sequencing (HTS)

The DNA extracts were amplified by PCR targeting two taxonomic 
markers: the barcoding fragment of chloroplastic rbcL gene and the 
V4 region of the nuclear 18S gene. The primers corresponding to 
both markers were optimized for diatoms. Primers and PCR condi-
tions for rbcL and 18S V4 were described in Vasselon, et al. (2017) 
and Visco et al. (2015), respectively. 35 cycles were performed for 
the 18S marker using the FastStart Taq DNA Polymerase (Roche 
Applied Science) in a final volume of 25 µl and 33 cycles using the 
TaKaRa LA Taq DNA Polymerase in a final volume of 25 µl for rbcL 
marker. For each sample, three PCR reactions were performed. A 
negative control was performed for each sample.

For 18S amplifications, tagged primers bearing eight nucleotides 
attached at each primer's 5′-extremity were used to enable multi-
plexing of all PCR products in a unique sequencing library (Esling 
et al., 2015). All PCR replicates were then pooled and quantified with 
capillary electrophoresis using QIAxcel instrument (Qiagen). Equimolar 
concentrations of PCR products were pooled into three libraries and 
purified using High Pure PCR Product Purification kit (Roche Applied 
Science). The libraries preparation were performed using Illumina 
TruSeq DNA PCR-Free Library Preparation Kit. The libraries were then 
quantified with qPCR using KAPA Library Quantification Kit and se-
quenced on a MiSeq instrument using paired-end sequencing for 500 
cycles with standard kit v3.

For rbcL amplifications, to enable the sequencing of all sam-
ples in a single Illumina run, two successive PCR were performed 
to prepare HTS libraries. As described in Keck et al. (2018), half of 
the Illumina adapters were included to the 5′ end of rcbL primers 
for the first amplification. The three pooled PCR were then sent to 
the “GenoToul Genomics and Transcriptomics” facility (GeT-PlaGe) 
where amplicons were purified and used as templates for the second 
PCR which used Illumina-tailed primers targeting the half of Illumina 
adapters used in the first PCR. Finally, all generated amplicons were 
dual indexed and pooled into a single tube. Final pool was sequenced 
on an Illumina MiSeq platform using the V2 paired-end sequencing 
kit (250 bp × 2).

F I G U R E  1   Schematic representation 
of the workflow used in this study
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Raw FASTQ reads were demultiplexed to retrieve the R1 and 
R2 fastq files for each sample using the demultiplexer module 
implemented in SLIM (Dufresne et al., 2019). Quality filtering, re-
moval of chimera and generation of the amplicon sequence variant 
(ASV) table were done using dada2 R package v.1.10.1 (Callahan 
et al., 2016). For taxonomic assignment, DECIPHER R package 
v.2.10.2 (Wright, 2016) was used with the v7 version of the Diat.bar-
code database (Rimet et al., 2019) and a confidence threshold of 60 
(i.e., minimal proportion of bootstrap replicates that yielded a given 
taxonomic label, see Murali et al., 2018). To investigate the propor-
tion of nondiatom sequences amplified with the two set of primers, 
we performed BLAST analyses against the GenBank database with 
80% of identity on representative ASV and calculate the proportion 
of diatom, algae and other sequences for each site.

2.4 | Morphological analysis

In the case of Swiss samples, the preparation of diatoms slides for 
microscopic observation was performed as recommended by the 
protocol of Swiss Federal Office for the Environment (Hürlimann & 
Niederhauser, 2007). The samples collected in France were processed 
according to the European Standard (AFNOR, 2014b) and the French 
Standard NFT 0-354 (AFNOR, 2016). The Swiss and French proto-
cols are compatible with each other. At least 400 valves per sample 
were counted and identified mainly with the bibliographic support 
of The Flora of Diatoms (Krammer & Lange-Bertalot, 1986), Diatoms 
of Europe (Lange-Bertalot, 2001) and Iconographia Diatomologica 
(Lange-Bertalot & Metzeltin, 1996; Reichardt, 1999), and Diatomeen 
im Süsswasser-Benthos von Mitteleu-ropa (Hofmann et al., 2011). 
The DI-CH values were calculated for both Swiss and French sites 
with the generated species lists according to the Swiss guidance 
(Hürlimann & Niederhauser, 2007). The DI-CH index uses two types 
of ecovalues that correspond to the optimum condition (D-value, 
ranges from 1 to 8 with a step of 0.5, from 1 for good condition to 
eight for bad condition) and a weighting factor (G-value: 0.5, 1, 2, 4 
or 8) which correspond to the environmental tolerance of each spe-
cies. Species with a high G-value will be very representative of an 
ecological status. The calculation of the index follows the weighted 
average equation of Zelinka and Marvan (1961) using the relative fre-
quency of each species in the sample. This index 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: poor; 
6.5–8: bad) (see Hürlimann & Niederhauser, 2007 for more details).

2.5 | Molecular index calculation

Three analytical approaches to infer the MDI values were performed 
on the molecular data sets obtained from the two taxonomic mark-
ers. For all the approaches, the counts of reads of each ASV table 
were normalized using the cumulative-sum scaling method (CSS) 
implemented in the metagenomeSeq R package v.1.22.0 (Paulson 

et al., 2013). First, for the Tax-Assign approach, CSS normalized 
abundance was used with the ecovalues related to morphospecies 
registered in Hürlimann and Niederhauser (2007) to calculate the 
MDI, only species level assignment were used since the DI-CH gives 
ecovalues only to species and not genus level. The taxonomic as-
signment was obtained using curated Diat.barcode database (Rimet 
et al., 2019) for rbcL and Genbank database for 18S. For the Mol-
Assign approach, we used the occurrence distribution and the CSS 
normalized abundance across all samples to calculate optimum and 
tolerance values for each ASV as described in Apothéloz-Perret-
Gentil et al. (2017). Samples were classified by their morphological 
DI-CH value rounded to 0.5 (according to the range of the D-value) 
and the relative frequency of each ASV was plotted for each class. 
The class with the highest 95e percentile value was used as optimum 
value (corresponding to morphological D-value). For the tolerance 
value, samples were classified by their morphological DI-CH value 
rounded to the unit and the relative frequency of each ASV was 
plotted for each class. The tolerance value was determined given 
the distribution of the ASV across classes. Then the distribution of 
80% of the total abundance of the ASV was used to determined the 
weighting factor (i.e., 80% in the extreme classes (1:3, correspond-
ing to very good or 7–8, corresponding to bad status), the strongest 
weighting factor was given (value 8). On the opposite, if the 80% 
were distributed across more than three classes, the lowest weight-
ing factor was given (value 0.5), see graphical example in supporting 
information from Apothéloz-Perret-Gentil et al. (2017). Finally, for 
the ML approach, we trained predictive models using the Random 
Forest algorithm (Breiman, 2001) implemented in the ranger R 
package v.0.11.2 (Wright & Ziegler, 2017) as described in Cordier 
et al. (2017). For both of the tested taxonomy-free approach (Mol-
Assign and ML), a leave-one-sample-out cross validation procedure 
was performed to assess their accuracy.

3  | RESULTS

3.1 | Morphological analysis

The number of taxa identified to species level at least ranged from 
8 to 56 in all samples, with a median value at 24 (Table S2). This list, 
in addition with the relative abundance of each species per site, was 
used to calculate the DI-CH. The index values ranged from 1.18 to 
6.75 (eight being the worst possible value). A total of 60, 31, 13, four 
and three samples belonged to the very good, good, average, poor 
and bad quality status classes, respectively, following the classifica-
tion given by the DI-CH (Table S3).

3.2 | Sequence data

The molecular data were obtained from two independent Illumina 
MiSeq runs, one for each taxonomic marker. Details of the filtration 
statistics during sequence data processing are given in Table S4.
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For the rbcL marker, a total of 3,245,094 high-quality reads dis-
tributed across 112 samples were obtained, ranging from 10,127 
to 54,559 reads per sample with a median value around 30,000 
sequences. The proportion of diatoms, other algae and non-algal 
eukaryotes sequences were investigated using a BLAST analysis 
against the GenBank database (Figure S1, Table S5). The median 
values are 82% of diatoms, 1% of other algae and 15% of other 
eukaryotes. For more accurate identification of diatoms, the as-
signment was also performed on the curated Diat.barcode data-
base (Rimet et al., 2019). The percentage of assigned sequences 
to species level (only diatom species) ranged from 22% to 99% per 
sample with a median value at 90% and the number of assigned 
taxa ranged from 12 to 64 per sample with a median value at 30 
(Table S6).

For the 18S marker, a total of 6,568,535 high-quality reads 
distributed across 111 samples were obtained. The CH12 sample 
failed to amplify for the 18S marker and therefore no sequences 
were retrieved from it. The total number of sequences per sample 
ranged from 12,038 to 255,004 with a median value around 43,000 
sequences. The proportion and taxonomic composition of diatoms, 
other algae and nonalgal eukaryotes were also investigated using 
the GenBank database (Figure S1, Table S5). The median values are 

94% of diatoms, 5% of other algae and 0.4% of other eukaryotes. 
Assignment with the Diat.barcode database showed that the per-
centage of assigned sequences to species level (diatom and other 
algae) ranged from less than 1% to 99% per sample with a median 
value at 72% and the number of assigned taxa ranged from 2 to 48 
per sample with a median value at 24 (Table S7). Raw ASV table with 
representative sequences and taxonomic assignment with the confi-
dence threshold are given in Table S8 and S9 for rbcL and 18S mark-
ers respectively.

3.3 | Indices comparison

All inferred index values (Tax-Assign, Mol-Assign and ML) based on 
each taxonomic marker (rbcL and 18S) were compared to the mor-
phological DI-CH values, considered as ground-truth (Figure 2). The 
R square value ranged from 0.72 for Tax-Assign-18S to 0.87 for Mol-
Assign-18S and ML-rbcL. The y-intercept values for all taxonomy 
free methods were around 1.38, except a slightly higher value for 
Mol-Assign-18S (1.52). However, this value diverges more greatly 
from the ideal 1:1 slope for the Tax-Assign method with 2.27 and 
3.13 values for rbcL and 18S markers respectively.

F I G U R E  2   Scatter plots showing 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 a dashed line, and theR2,p-value andy-intercept value are indicated for each plot
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The divergence of each MDI value from the reference morpho-
logical DI-CH was plotted separately for each quality classes in the 
Figure 3. The heat maps showed a clear difference between the 
Tax-Assign approach and both taxonomy-free approaches. For the 
Tax-Assign approach, very good quality sites are always overesti-
mated, meaning that the molecular index values are higher than the 
morphological ones (leading to worse ecological status with the Tax-
Assign than with the morphology). The bad sites deviate less from 
the morphological value in the Tax-Assign method compared to tax-
onomy-free approaches, especially in the case of the rbcL marker. 
Both taxonomy-free approaches gave very similar results for both 
markers, providing slightly higher values for very good sites and 
lower values for poor and bad sites, compared to the morphological 
index.

When comparing the three analytical approaches to the refer-
ence morphological assessments, we observe relatively small differ-
ences for very good, good and average quality classes. In median, 
Tax-Assign method differs from morphology by less than or equal to 
1 point in all classes except the very good class. For both taxonomic 
markers, it even differs by less than 0.5 point in the average class. 
The Mol-Assign approach differs from morphology by less than 1 
point in very good, good and average classes and even less than 0.5 
point in very good and good classes. The ML approach showed the 
stronger correlation to morphology with a difference by less than or 
equal to 0.5 point for all three first classes. However, the difference 
is much higher in the case of poor and bad classes, especially for both 

taxonomy-free approaches that differ up to 1.7 to 1.9 point, which 
may lead to a difference of two quality classes in the bioassessment.

4  | DISCUSSION

Our study shows that, among the three tested analytical molecu-
lar approaches, the two which are taxonomy-free provide correla-
tions closer to reference morphotaxonomy assessments than the 
taxonomy-based approach, for both tested markers. Although the 
Tax-Assign approach provided a good correlation with reference 
using the rbcL marker, the slope was more distant from the ideal 
1:1 than with taxonomy-free approaches, even when the correction 
factor based on cell biovolume proposed by Vasselon et al. (2018) 
was applied (Figure S2). However, the congruence between molecu-
lar indices and morphological reference index differs depending on 
quality classes. We observed that taxonomy-free approaches tend 
to improve the ecological status of poor quality sites, meaning that 
the inferred value were often lower than the morphological ones, 
as opposed to the taxonomy-based approach that shows higher 
correlation to DI-CH for those sites (especially with rbcL marker). 
Conversely, taxonomy-free approaches are more congruent with 
morphological index in very good and good quality sites where the 
taxonomy-based approach tends to overestimate the DI-CH values, 
meaning that the inferred value were often higher than the morpho-
logical ones (leading to a worse ecological status). This observation 

F I G U R E  3   Heat maps showing the difference in the value of the morphological DI-CH and the one predicted by the molecular 
methods. Each line corresponds to the heat map of one of the three methods (ML, Mol-Assign and Tax-Assign) and one of the two markers 
(18S andrbcL). Negative value means that the molecular index gave a value higher than the morphology (ecological status worse than 
morphology) while positive value means that the molecular index gave a value lower than the morphology (ecological status better than 
morphology). Next to the heat maps, the bar plots indicate the number of sites in each quality status class given by the morphological 
assessment, following the DI-CH guidance (blue, very good; green, good; yellow, average; orange, poor; red, bad) 
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may stem from the unbalanced sampling of possible ecological qual-
ity classes within our data set. We had only few sites of poor eco-
logical quality status, which probably impact the capacity of both 
taxonomy-free approaches to unravel statistically meaningful asso-
ciations between poor-quality status and ASVs profiles (Mol-assign) 
or community structure (ML).

It is also important to note that the community of diatom is usu-
ally structured differently between poor and good quality sites. Poor 
ecological quality sites are generally represented by few very abun-
dant opportunistic diatom species (Stevenson et al., 2010) while very 
good ecological quality sites are rather represented by communities 
with medium to high diversity (Hürlimann & Niederhauser, 2007; 
Whitton et al., 1991), except for very good quality sites in alpine riv-
ers where the diversity is very low in Switzerland.

The structure of diatom community also has a great impact on 
the success of taxonomy-free methods. Sites with high diversity 
need to have a greater representation in the training data set to take 
into account the whole assemblage and the presence of the different 
species. It is interesting to note that in previous study (Apothéloz-
Perret-Gentil et al., 2017) very good sites were not well predicted 
with the taxonomy-free approach, while in the present study the 
predictions were much more accurate. This could be explained by 
the fact that very good sites represent more than 50% of the training 
data set in this study, against less than 20% in the previous study. 
This result shows the importance of the training data set, which was 
very poorly represented for bad quality classes in this study. Indeed, 
if during the cross-validation process some species with high abun-
dance on poor sites are not represented in the training data set, a 
lower abundance of this species on other sites will force the optima 
of the species to better values than if the species was also repre-
sented in poor sites.

Interestingly, when the two genetic markers are compared, a 
general slightly better correlation with morphological reference is 
observed with rbcL marker. It is possible that this is due to the fact 
that the rbcL marker is more taxonomically resolutive and the dis-
tinction of diatom and other species is more accurate as shown pre-
viously by Kermarrec et al. (2013). As shown by our BLAST results 
(Figure S1) it does not seem that the rbcL primers are more specific 
than the 18S V4 primers. However, it is important to note that most 
of unassigned hits in rbcL BLAST data sets could possibly also be-
long to diatoms but are not identified as such. This could be due to 
lack of higher-level taxonomic signal in rbcL barcode as well as to the 
high level of unassigned environmental sequences in the GenBank 
database. The hypothesis that rbcL primers are very specific to dia-
toms is supported by the assignment with the curated Diat.barcode 
database for which the amount of sequences assigned to diatom (not 
necessarily to species level) range between 37% and 99% with a me-
dian value of 93%.

An important advantage of using rbcL is its comprehensive refer-
ence database, which is much more developed than the one for the 
18S marker (Rimet et al., 2019). Both the completeness of the rbcL 
database, and its high level of curation certainly explain the higher 
correlation of the taxonomy-based approach using this marker. Thus, 

rbcL represents so far the ideal candidate for an implementation of 
metabarcoding methods for routine rivers monitoring, because the 
generated species lists are more exhaustive than the ones generated 
by targeting the 18S marker. A significant congruence in these tax-
onomic inventories is indeed very important to assure a backward 
and forward compatibility of diatom-based monitoring time series. 
Noteworthy, it will also support a smoother transition between ar-
duous and labor-intensive morphological methods with faster and 
cost-effective molecular ones. Such methodological shift is strongly 
advocated and anticipated, to ensure a more continuous vision on 
sites subject to regulatory biomonitoring or a better monitoring of 
sites subject to restoration actions.

In conclusion, our study confirms the usefulness of diatom me-
tabarcoding as a tool for the assessment of rivers ecological status 
that give results in line with the currently applied morphological 
approach. It shows that the taxonomy-free approaches perform as 
well or better than those based on taxonomic assignment of me-
tabarcoding data when compared to morphological analyses used 
as reference. Our results also emphasize the importance of well-cu-
rated reference sequences database. Upon the sustained efforts 
to complete such reference databases, as in the case of rbcL, the 
taxonomy-based analytical approach can provide results similar to 
those of the taxonomy-free approaches. Finally, the performance 
of taxonomy-free approaches in recovering the reference values is 
highly depending on the balanced coverage of sites of contrasting 
ecological status.

Taken together, our results highlight the need to sustain ongo-
ing efforts to build comprehensive reference databases. Such data-
bases would be either composed of curated reference sequences for 
taxonomy-based approaches or composed of data sets containing 
both metabarcoding data and independently established ecological 
quality status for taxonomy-free approaches. In the future, it seems 
important that the taxonomy-free methods are benchmarked di-
rectly on environmental variables. At present, the traditional mor-
photaxonomic assessments are used as references to ecological 
quality status. However, such methods have also its own biological 
and technical biases and limits. Using environmental variables could 
help overcoming these biases and improve the sensitivity of taxon-
omy-free approaches.

The further developments of molecular diatom indices could also 
take advantage of the ecological information that may be embed-
ded within high resolution DNA variants (e.g., ASVs). Indeed, diatom 
cryptic diversity revealed by metabarcoding could be leveraged for 
the establishment of new subspecies molecular bioindicators. Being 
more sensitive to small environmental variations would make me-
tabarcoding even more attractive as a tool for future environmental 
biomonitoring.

Diatom metabarcoding offers many advantages in terms of 
cost and time effectiveness compared to the traditional approach. 
However, it also has some limitations, related to the incompleteness 
of reference databases, but also to the lack of standardized proto-
cols. Solving these issues is of key importance for the implementa-
tion of diatom metabarcoding in routine monitoring.
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