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Abstract
Diatoms are a species-diverse phylum ofmicroalgae often presenting high biomass in aquatic habitats. This makes them excellent
ecological indicators in rivers and lakes. They are routinely used to assess ecological quality of rivers and lakes usingmicroscopy,
which is time consuming. An alternative is to determine species in samples based on short DNA barcodes and high-throughput
sequencing (HTS). Former studies showed that community structure and water quality assessments based on diatoms deliver
similar results with both methods. But, none evaluated if diversities were assessed in the same way despite the importance of this
ecological metric. Based on littoral benthic samplings carried out in 56 pristine alpine lakes, we compared different diversity
indices measured with microscopy and metabarcoding. Each lake was sampled in three different places of its littoral. We showed
that α (diversity measured in a single sampling site of a given lake) and ϒ (total diversity in a lake where three independent
samples were considered) diversities obtained with HTS were higher than those obtained with microscopy. This may be
explained by the capacity of HTS to detect morphologically cryptic species and to better detect rare taxa. On the other hand,
β diversity obtained with HTS was smaller, which may be explained by the capacity of HTS to detect very rare species and free-
floating extracellular DNA. Nevertheless, diversity indices obtained with both methodologies were well correlated each other.
This study validates the possibility to assess diatom diversity with HTS in a comparable way to the classical microscopic analysis.
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Introduction

Microalgae are a determinant biological element of aquatic eco-
system biodiversity and biomass. Moreover, their position as
primary producers makes them essential to take into account to
understand ecosystem functioning. Diatoms (Bacillariophyta)
are one of the most studied groups of microalgae because they
present several interesting properties which makes them excel-
lent ecological indicators: they are ubiquitous (Potapova and
Charles 2007), they display a large diversity estimated at
100,000 species (Mann and Vanormelingen 2013), and each
species presents particular ecologies (Stevenson 2014). For these

reasons, they are used worldwide as ecological indicators in
rivers (Rimet 2012) and lakes (Cantonati and Lowe 2014). A
good illustration of this interest is a transnational European di-
rective—the Water Framework Directive (European
Commission 2000)—and a United States Federal legislation—
the Clean Water Act (Copeland 2016)—which both require the
use of diatoms to measure human pressure on biota.

Until now, routine methodologies to inventory diatoms di-
versity are based on microscopic counts. Such methodologies
are standardized in Europe (European Committee for
Standardization 2014a, b) and require well-trained specialists
of diatom identification because of the versatile literature to
which they have to refer and the numerous nomenclatural
changes, which challenge their work (Kociolek 2005).
Indeed, every year, several hundreds of new combinations
and new taxa are described and this tendency is increasing
exponentially in recent years (Kociolek et al. 2016). This com-
plexity in identification makes the analysis of samples follow-
ing standardized methodologies quite time consuming and a
specialist cannot analyze more than 200–300 samples per year
(Rimet et al. 2018). This bottleneck goes against the needs of
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water managers who want to analyze more samples at lower
costs (Keck et al. 2017).

To overcome this bottleneck, an alternative approach has
developed recently to study environmental sample species di-
versity. Metabarcoding (Pompanon et al. 2011) uses molecular
techniques at community level by combining DNA barcoding
(Hebert et al. 2003) with high-throughput sequencing (HTS).
DNA barcoding enables the identification—for instance of di-
atom taxa—to species level from a short DNA fragment using
a reference DNA barcode library. HTS allows to sequence
millions of DNA fragments frommany samples simultaneous-
ly. Sequencing data is then used to obtain an accurate identifi-
cation to species level of diatom taxa in a community by com-
parison to a DNA reference library, like R-Syst::diatom, a
barcoding library dedicated to diatoms (Rimet et al. 2016).
Such methodology is carried out at a higher throughput than
with the morphological approach (Baird and Hajibabaei 2012).

Metabarcoding has been applied to diatoms since the first
study of Kermarrec et al. (2013) which proved, on controlled
communities, that it was possible to recover all the species pres-
ent in the samples. Then, several bias or methodological choices
inherent to this methodology were progressively studied and
fixed, as for instance the choice of DNA marker
(Zimmermann et al. 2011; Kermarrec et al. 2013) or the choice
of the DNA extraction method (Vasselon et al. 2016). In the
same time, comparison of the assessment results obtained with
microscopic and metabarcoding was realized and showed vary-
ing results. Some studies showed good correlations between the
results of diatom indices obtained with both methods (e.g.,
Kermarrec et al. (2014), Visco et al. (2015), and Vasselon
et al. 2017b), whereas other showed a poor correspondence
(Rivera et al. 2018). Such poor correspondence can be explained
by several biases. One of themost important is the completeness
of the reference barcoding library which enables to identify the
environmental sequences from the samples (Kermarrec et al.
2014). Indeed, the proportion of unclassified operational taxo-
nomical unit (OTU) is ranging from 64 to 77% depending on
the study (Apothéloz-Perret-Gentil et al. 2017; Vasselon et al.
2017b; Rivera et al. 2018). To overcome this shortcoming,
Apothéloz-Perret-Gentil et al. (2017) proposed to develop dia-
tom indices without taxonomic identification and to assign eco-
logical profiles not to species but directly to sequences.

Beside the comparison of pollution assessments obtained
from metabarcoding and microscopy, several studies focused
on the comparison of the community structures obtained with
microscopy and with HTS. In order to keep all the information
from HTS, these studies compare microscopy results to the
community structure based on relative abundances of OTUs in
samples and not to the community structure based on species
because of the incompleteness of the reference database,
which prevent to use all the metabarcoding data. In every case,
there is a significant correlation between both methodologies
(Vasselon et al. 2017b; Rivera et al. 2018).

Community structure is definitely an important parameter
to take into account, but diversity is another one. Indeed, it
was already demonstrated that diatom diversity is related to
river contamination by heavy metals (Luís et al. 2009; Ferreira
da Silva et al. 2009; Pandey et al. 2017), herbicides (Ricciardi
et al. 2009), or severe fluvial pollutions (Stevenson et al.
2010). It is also related to habitat colonization (Hoagland
1981) and nutrient level (Passy 2008, 2009). Moreover, dia-
tom diversity is able to integrate cumulative impacts of
stressors such as metals, nutrients, and warming (Morin
et al. 2015). However, despite the interest in diversity, studies
that compared the results of diversity indices obtained with
HTS to microscopy were never published to our knowledge.
This question is not straightforward given the difference of
richness observed between microscopy and HTS. Indeed,
103 species were identified in microscopy versus 270 OTUs
in HTS in a German river (18S V4 as marker and a 454 Roche
platform, Zimmermann et al. (2014)), 96 species versus 242
OTUs in rivers in Switzerland (18S V4 and Illumina platform,
Visco et al. (2015)), 204 species versus 3381 OTUs in tropical
rivers (rbcL and PGM Ion Torrent platform, Vasselon et al.
(2017b)), and 120 species versus 2174 OTUs in a large lake in
France (rbcL and PGM Ion Torrent platform, Rivera et al.
(2018)). None of these studies assessed the diversity in terms
of diversity indices (e.g., Shannon index, Weaver and
Shannon (1949)).

Our general interest is to understand whether diversity in-
dices obtained with HTS were comparable to those obtained
in microscopic analysis. To this end, we sampled littoral ben-
thic diatoms from a large set of high-altitude lakes in the
French Alps; for each lake, three different places of its littoral
zone were sampled. These lakes were natural and free of an-
thropogenic pressures. We first checked if the diatom commu-
nity structures obtained with HTS and microscopy were sim-
ilar as it was observed in previous studies. We also checked if
the heterogeneity of the diatom assemblages within each lake
was assessed similarly with HTS and microscopy. Then, we
calculated for both methodologies three diversity indices
based on the definition of Whittaker (1960): α, ϒ, and β
diversities. α diversity measured the diversity for a given
sample, ϒ diversity measured the diversity at the lake level,
and β diversity compared a sample diversity (α) to the diver-
sity at the lake level (ϒ). Finally, we compared these indices
obtained with microscopy to those obtained with HTS.

Material and methods

Study area

The study area is situated in the French Alps. This mountain
chain is 350 kmwide (north-south) and is divided in two main
areas, the Southern Alps characterized by lower mountains
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and a meteorology close to Mediterranean climate, the
Northern Alps with higher mountains and a wetter climate.
Fifty-six natural lakes localized above 1300 m a.s.l. and with
a surface area larger than 3000 m2 were sampled in the
Northern Alps (Fig. 1). Reservoirs, lakes of human origin, or
lakes used for hydroelectricity were excluded. The study area
stretches from 46° 16′ to 45° 03′ of latitude. Approximately
55% of the lakes’ catchment areas have a siliceous geology
whereas 38% have a calcareous geology. Fifty-seven percent
of the lakes had one or two mountain huts in their catchment
area. Pastoralism was the dominant activity in 27% of the
studied lake watersheds but can also be absent from the catch-
ment area (17.5%).

Sampling procedure

Benthic diatoms were sampled according to the guidance pro-
tocol (King et al. 2006) in July 2013. For each lake, three

sampling stations were chosen so that they were furthest away
from each other. The sampling stations had to be in sunny
areas (no shading) and far from river tributaries, peatlands,
and mountain huts. In each sampling station, a sample was
collected. A sample was composed by five stones which were
collected at 40–50 cm depth. Their upper surface was scraped
using a clean toothbrush. The total minimal scraped surface of
these five stones had to be of 100 cm2. The biofilms of the five
stones were pooled in a tube and fixed with a minimal final
concentration of 70% ethanol before further treatment.

Microscopy procedures

The diatom sampleswere treated according to theEuropean stan-
dardEN13946(EuropeanCommittee forStandardization2014a)
using H2O2 and HCl. A synthetic resin, Naphrax ©, was used to
assemblepermanent slides.At least 400 frustulesper samplewere
counted and identified to species level according to EN 14407
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Fig. 1 Location of the sampled
lakes in the French Northern Alps
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(European Committee for Standardization 2014b). Classical
European floras were used (e.g., Krammer and Lange-Bertalot
(1986,1988,1991a,b)andHoffmanetal. (2011))aswellasbooks
dedicated to oligotrophic lakes and natural springs (e.g., Lange-
Bertalot andMetzeltin (1996), Werum et al. (2004), and Levkov
et al. (2007)).

HTS procedure

Total DNAwas extracted from 2 mL of phytobenthos samples
using the GenEluteTM-LPA method for DNA extraction.
Detailed protocol can be found in former studies (Chonova
et al. 2016; Kermarrec et al. 2013). This method was recom-
mended for diatom metabarcoding (Vasselon et al. 2017b) be-
cause it uses various lysis mechanisms (mechanical, enzymatic,
heat), which facilitate diatom cell disruption and DNA recovery.

A short region of the rbcL gene (312 bp) was used as DNA
marker and amplified by PCR using an equimolar mix of the
modified version of the Diat_rbcL_708F forward and the R3
reverse primers (Rimet et al. 2018; Vasselon et al. 2017b).
PCR amplification of each DNA sample was performed in
triplicate using 1 μL of extracted DNA in a final reaction
volume of 25 μL. Detailed PCR reaction mix and PCR am-
plification conditions are summarized (Vasselon et al. 2017b).

The three PCR replicates obtained for each DNA sample
were pooled and purified using Agencourt AMPure beads
(Beckman Coulter, Brea, USA). Quality and quantity of puri-
fied amplicons were checked using the 2200 TapeStation
(Agilent technologies, Santa Clara, USA). Following the li-
brary preparation method described by Vasselon et al.
(2017a), individual A-X tag adapter (Ion ExpressTM
Barcode adapters, Life Technologies, Carlsbad, USA) was
added to amplicons by ligation using the NEBNext® Fast
DNA Library Prep set for Ion TorrentTM (BioLabs,
Ipswich, USA). Samples libraries were pooled in two mixes,
one containing 96 samples, the other 60 (156 samples were
sequenced, but only 149 were used in this paper because 7
samples did not have any microscopic counts, see results here-
after). Each mix was prepared with a final concentration of
100 pM and sequenced independently on an Ion 318TM Chip
Kit V2 (Life Technologies, Carlsbad, USA) using the PGM
Ion Torrent machine.

Sequencing was performed by the “Plateforme Génome
Transcriptome” (PGTB, Bordeaux, France) that provided
one fastq file per sample for the 149 libraries with
demultiplexed DNA reads. Quality trimming was applied to
remove low-quality DNA reads as described by Vasselon et al.
(2017a). The 149 trimmed files were merged in order to treat
all the samples together following the bioinformatics process
described in Vasselon et al. (2017a) using the Mothur software
(Schloss et al. 2009). In addition to this bioinformatics pro-
cess, DNA reads were dereplicated in order to obtain indepen-
dent sequence units (ISUs). Abundance of ISU, corresponding

to the number of sequence replicate per ISU, was used to
remove ISUs with less than two replicates. Retained ISUs
were then clustered in OTUs using a 95% similarity threshold.
In order to have the same number of reads per sample, a ran-
dom subsampling of 7243 reads was realized in each sample
(7243 is the minimal number of reads obtained in a sample).

A taxonomy was assigned to each OTU using the consen-
sus taxonomy of DNA reads determined by Mothur
(classify.otu command, Schloss et al. (2009)) and the R-
Syst::diatom reference library (Rimet et al. 2016, 13-02-
2015: R-Syst::diatom v3, http://www.rsyst.inra.fr/en) with a
consensus confidence threshold over 80%.

Fastq files with demultiplexed DNA reads and the final
OTU list (95%) (including the DNA read proportions, the
DNA representative sequence of each OTU, and the OTU
taxonomic assignment) as well as the sampling site informa-
tion (coordinates, lake name) are available for all the samples
on the Zenodo repository website https://zenodo.org (DOI
https://doi.org/10.5281/zenodo.1157865). Light microscopy
lists are also given on this Zenodo repository web link.

Statistical analyses for assemblage comparisons

The structures of the diatom assemblages obtained with HTS
and microscopy were compared. For this, the diatom assem-
blages obtained as species inventories with microscopy were
transformed into species relative abundances in each sample;
then, a distance matrix (Bray-Curtis distances between each
sample, Bray and Curtis (1957)) was calculated. Similarly, the
diatom assemblages obtained with metabarcoding as OTUs
inventories were transformed into OTUs’ relative abundances
in each sample; then, a distance matrix (Bray-Curtis distances
between each sample) was calculated. Then, the two distance
matrices were compared with a Mantel test (Mantel 1967) in
XLStat (v. 2011).

Two principal component analyses (PCA) were carried out
in the freeware PAST (Hammer et al. 2001). One was carried
out with microscopic count with species expressed as relative
abundances of frustules and a second one with HTS with
relative abundances of OTUs (in both cases all OTUs and
species were used). The positions of the samples on the first
axes of both PCA (HTS and microscopy) were compared and
represented on a biplot. The correlation between the positions
of the samples on the first axes was tested in XLStat (v. 2011).

For each lake ecosystem, three samples were analyzed and
three diatom assemblages were obtained for both methodolo-
gies, microscopy and HTS. We wanted to assess if the hetero-
geneity between these three diatom communities obtained in
microscopy was comparable to the heterogeneity obtained in
HTS. The sum of the three distances (Bray-Curtis distances)
between the three communities assesses this heterogeneity.
Therefore, the sums of distances for each lake obtained in
microscopy were compared to the sums of distances for each
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lake obtained in HTS; a correlation between both heterogene-
ities was tested in XLStat (v. 2011).

Statistical analyses for diversity comparisons

We calculated three kinds of diversity measurements: α, ϒ,
and β diversities.

α and ϒ diversities were calculated based on the Shannon
index using natural logarithms (Weaver and Shannon 1949).
These indices were calculated in PAST freeware (Hammer
et al. 2001). β diversity was calculated for each site as a ratio
between the gamma diversity of a given lake and the alpha
diversity of a given site in the same lake. It shows how the
diversity of a given site is comparable to the lake in which it is
contained. If its value is 1, there is no difference between the
diversity at the given site and for the entire lake. The relative
abundance of the OTUs (HTS) in each sample was calculated
and then used to determine the three diversity indices: alpha,
beta, and gamma. In the same way, relative abundances of
species (as analyzed by microscopy) were used to calculate
α, ϒ, and β diversities.

To assess if the diversity indices obtained by microscopical
analysis were correlated to diversity indices obtained from
HTS, a correlation test (Pearson correlation) was carried out.
Then, a linear regression between both data was tested
(ANOVA). The correlation coefficients and the associated p-
values provided for the Shannon alpha and beta diversities
were determined with XLStat (v. 2011).

Results

Overview of the number of taxa

Based on the microscopic analysis, 148 floristic lists were
produced and 432 species were observed. A detailed descrip-
tion of the microscopic inventories is given in Feret et al.
(2017). Ninety percent of all counted diatom individuals are
represented by the first 55 most frequent species, which is
about 13% of all observed species. The five most abundant
species with their total relative abundance in all lakes were the
following:Achnanthidiumminutissimum (Kützing) Czarnecki
22%, Encyonema minutum (Hilse) D.G. Mann 14%,
Denticula tenuis Kützing 6%, Encyonopsis subminuta
Krammer & Reichardt 6%, and Encyonema ventricosum
(Agardh) Grunow 4%. On average, one sample contained 28
species (minimum 1, maximum 46).

Based on HTS (148 samples were sequenced), 1638 differ-
ent OTUs were defined using a distance threshold of 95%.
The first 150 most frequent OTUs (~ 9% of all OTUs) are
representing 90% of the total relative abundance of all OTUs
sequenced in all lakes. After taxonomic assignation with the
barcode reference library (R-Syst::diatom v3, 13-02-2015),

58% of the OTUs were identified to genus level among which
29% were identified to species level. The most frequently
detected species and their relative abundance in all lakes were
the following: Encyonema silesiacum (Bleisch) D.G. Mann
34%, Cymbella excisa Kützing 12%, Achnanthidium
minutissimum 3%, Encyonema caespitosum Kützing 2%,
and Nitzschia dissipata (Kützing) Grunow var. media
(Hantzsch) Grunow 2%. On average, one sample contained
211 OTUs (minimum 69, maximum 381).

Assemblage comparison

Two distance matrices (Bray-Curtis distances) were calculated
on the diatom compositions based on morphological identifi-
cation (species abundances) and based on HTS (OTU abun-
dances) between all samples. A Mantel test was calculated
between these two matrices and showed that both matrices
were highly comparable (Pearson correlation R2 = 29.3%,
p < 0.0001). Figure 2 shows the correlation between both dis-
tance matrices for all 143 samples.

Two principal component analyses (PCA) were calculated
on the diatom compositions obtained by microscopic analysis
(species abundances) and obtained with HTS (OTU abun-
dances). The first two axes of the PCA carried out on micro-
scopic composition were explaining 53% of the variance,
while for the HTS, it was 43%. Then, we compared the sample
coordinates obtained with microscopy on the first axis of the
PCA to their coordinates obtained with HTS on the first axis of
the PCA; for this, a Pearson correlation coefficient was calcu-
lated and showed a highly significant correlation (p < 0.001,
R2 = 0.314). This correlation is shown in Fig. 3. The same was
done on the second axis of the PCA and also showed a highly
significant correlation (p < 0.001, R2 = 0.183).

Therefore, we can conclude from these two results (Mantel
test and comparisons of PCA) that the diatom assemblages
obtained from microscopy and HTS are highly comparable.

The heterogeneity of diatom assemblages inside each lake
obtained with HTS and microscopy was compared and Fig. 4
shows that there is a linear correlation between both method-
ologies. Diatom assemblages’ heterogeneity inside a lake is
assessed similarly with both methodologies.

Diversity comparison

The Shannon diversity indices were calculated based on HTS
andmicroscopic analysis of diatom assemblages.We first com-
pared the diversity values obtained with both methodologies.
For α and ϒ diversity indices, HTS gave higher values than
microscopy, but in the case of β diversity, microscopy showed
higher values than HTS (Table 1). The distribution of the di-
versity values is given in Fig. 5. We then checked if the values
given by both methods were correlated (Fig. 6). In all cases, the
values are correlated and follow linear models (Table 1).
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Discussion

Diatom assemblages’ structures obtained
with microscopy and HTS were similar

Comparisons of assemblages have been made for macrofauna
of benthic habitats and it was already shown that the structure

obtained from microscopic identifications and counts was
similar to that obtained with OTUs (Lejzerowicz et al.
2015). Similarly, it was observed for benthic diatoms in lakes
(Rivera et al. 2018) and rivers (Vasselon et al. 2017b) that the
community structure obtained from microscopic counts was
similar to that obtained from HTS when the structure is
expressed in relative abundances of OTUs. Our results also
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show similar structure assessments with both approaches.
However, we could also observe that species contributions
differ considerably between methodologies when a taxonomic
name (species or genus) is assigned to OTUs using a reference
library. Indeed, an important part of the OTUs cannot be iden-
tified and this is partly caused by sequencing bias and mainly
by the incompleteness of the barcode reference libraries
(Kermarrec et al. 2014; Zimmermann et al. 2014; Visco
et al. 2015). The dominant species identified in microscopy
(Achnanthidium minutissimum, Encyonema minutum) differ
from those identified in metabarcoding (Encyonema
silesiacum, Cymbella excisa). Nevertheless, this situation
should be transitional because reference libraries can be com-
pleted much faster than before. Indeed, until now, to get a
barcode of a species, the classical way was to isolate a cell
and to culture it until getting enough biomass for a morpho-
logical analysis and a DNA extraction (e.g., Mann et al.
(2004), Trobajo et al. (2010), and Rimet et al. (2011)) which
is tedious. A complementary possibility is to use HTS to re-
trieve DNA barcodes of species from environmental samples
presenting low diversities (Rimet et al. 2018). Such newmeth-
odology enables a quicker filling of reference libraries if it is
executed thoroughly as well as meeting the specific
precautions.

We further compared the characterization of communities
based on HTS and microscopical analysis: both methodolo-
gies assessed the heterogeneity of diatom communities in a
lake similarly. This was even the most highly correlated pa-
rameter between both methodologies (R2 = 50%), much
higher than structure comparison (R2 = 31%), and diversity
indices (R2 ranging from 10 to 30%).

These comparisons of community structures in high-
altitude lakes are drawing to the same conclusions like previ-
ous studies.

α and ϒ diversities obtained with HTS were higher
than those obtained with microscopy

There are several reasons that explain why diversities obtained
with HTS are higher than those obtained with microscopy: (1)

HTS ability to detect rare species, (2) HTS ability to uncover
cryptic diversity, and (3) sequencing mistakes and OTUs’ def-
inition. We develop these three points in the next paragraphs.

(1) With a sequencing depth of 6000 to 30,000 reads per
sample compared to a microscopic count of 400 frus-
tules, the effort is multiplied by × 15 to × 75. Therefore,
the detection of rare species is much more robust with
HTS as already mentioned for benthic diatoms in
German rivers (Zimmermann et al. 2014). Former stud-
ies on protists also underlined the interest of HTS to
study rare species (Nolte et al. 2010) which can be im-
portant for ecosystem functioning because of their activ-
ity (Debroas et al. 2015). This in-depth assessment has
an impact on diversity estimations (Mangot et al. 2013)
and increases diversity index values compared to
microscopy.

(2) Former studies on diatoms based on cultures and Sanger
sequencing showed that there is a cryptic diversity (ge-
netic diversity) in many species like Sellaphora pupula
(Evans et al. 2008), Nitzschia palea (Trobajo et al. 2009;
Rimet et al. 2014), and Gomphonema parvulum (Abarca
et al. 2014; Kermarrec et al. 2012). Studies based on
HTS already showed this on a wide range of protist
clades (Debroas et al. 2017): genetic diversity is more
important than that of morphospecies. Until now, in-
depth studies on cryptic diversity of diatoms based on
HTS do not exist. Nevertheless, conclusions derived
from HTS often imply such cryptic diversity because
regularly, several environmental sequences correspond-
ing to a single morphospecies can be found in a single
sample (Rimet et al. 2018), or more OTUs are observed
than morphospecies (Zimmermann et al. 2014).

(3) HTS produces sequencingmistakes which may artificial-
ly increase diversity and the relative abundance of these
sequencing mistakes depends on the HTS technologies
(Loman et al. 2012). It was already shown that these
sequencing mistakes may result in the detection of spe-
cies which are not in the sample (Kermarrec et al. 2013).
Nevertheless, such mistakes are relatively rare and the

Table 1 Comparison and correlation of diatom assemblages’ diversity
indices obtained with HTS and microscopy. NS p value > 0.5, *p value <
0.5, **p value < 0.01, ***p value < 0.001. For the equation of the model,

x is the diversity obtained with HTS and y is the diversity obtained with
microscopy

Alpha Beta Gamma

Normality (Shapiro test) HTS No (NS) Yes (*) Yes (***)

Microscopy Yes (***) Yes (***) Yes (***)

Compar. microscopy vs HTS (paired tests) Different (*** Wilcoxon test) Different (*** t test) Different (*** t test)

Correlation R (Spearman) 0.46 (***) 0.55 (***) 0.32 (***)

Linear model R (Pearson) 0.49 (***) 0.53 (***) 0.36 (***)

Equation y = 0.35x + 1.17 y = 0.36x + 1.30 y = 0.44x + 0.64
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read quality filters and chimera detections implemented
inMOTHUR should reduce this impact. Finally, the way
OTUs were defined (here 95% threshold) has an obvious
impact on the number of OTUs defined and on diversity
indices. Indeed, it was shown that there is an exponential
increase in the number of OTUs defined when gradually
changing the distance threshold from 90 to 99%
(Tapolczai et al. 2017). But we decided not to assess this
point in our study because it is a topic in itself.

β diversity obtained with HTS was smaller than that
obtained with microscopy

The opposite situation was observed with β diversity: diatom
communities obtained with microscopy showed a higher β
diversity than that obtained with HTS. In straightforward
words, this reflects that with microscopy, the proportion of
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species in a sample that are lacking in the other samples of the
same lake is greater than in HTS. Three points may explain
this: (1) the greater capacity of HTS to detect rare species, (2)
the presence of extracellular DNA (e-DNA) in the lake water,
and (3) sequencing mistakes and sequence quality filtering.
We explain these points here down.

(1) As mentioned in the previous section, HTS has a much
higher capacity to detect rare species than microscopy
because of the huge sequencing depth per sample. It is
known thatβ diversity index after Whittaker is influenced
by rare species (e.g., Routledge (1977) and Fontana et al.
(2008)) and studies based on HTS showed to be even
more affected by this effect for instance in bacterial com-
munity analysis (Youssef et al. 2010). In our case, if rare
species are present in a given lake and are each time de-
tected with robustness by HTS in the three samples of this
lake, thenβ diversity assessed with metabarcoding will be
smaller than that of microscopy. On the other hand, mi-
croscopy detected rare species more randomly because of
a too low counting effort and this increased β diversity.

(2) DNAmetabarcoding can be used to detect species through
e-DNA present in the environment (e.g., Valentini et al.
(2016) and Civade et al. (2016)). It can come from cell
lysis or living organism excretion or secretion. e-DNA of
fish can persist during several weeks in water tanks
(Dejean et al. 2011) or for several kilometers downstream
a river site (Civade et al. 2016). Therefore, we can hypoth-
esize that e-DNA of diatom species present in the different
places of a lake was detected in a given sample even if
intact cells of the respective species were not physically
present. This may explain a lower β diversity with HTS.

(3) The same argument given in the previous section (α andϒ
diversities) about sequencing mistakes could explain why
there is a lowerβ diversity with metabarcoding. Indeed, if
the same sequencing mistakes are present in the different
samples of a same sequencing run, then this should reduce
artificially both the heterogeneity between samples and β
diversity. However, one could also argue that random se-
quencing mistakes might increase beta diversity.

Diversity indices obtained with both methodologies
were well correlated

For each of the three diversity indices, there was a significant
correlation between both methodologies. Nevertheless, the
correlations were not perfect.

In particular, we observed that the y-intercept of the linear
model was positive, which means that for a null diversity obtain-
ed with metabarcoding, microscopymeasures a diatom diversity.
Diatoms cells are inside siliceous exoskeletons, called frustule.
These frustules can remain for a long time in the environment.

This makes diatoms choice organisms for paleolimnological
studies in lakes (Berthon et al. 2013). These frustules coming
from dead cells and with no DNA anymore may explain
why—for some particular samples—microscopic counts could
detect species (and diversity) whereas metabarcoding did not.

Another point which may explain the deviation from ex-
pected values of the linear model is that copy number of rbcL
gene is correlated to the cell biovolume for diatoms (Vasselon
et al. 2017a). Therefore, the relative abundance of OTUs for a
given species in a sample depends on the relative cell abun-
dance of the species in the sample and its marker gene copy
number/biovolume (Vasselon et al. 2017a, b). On the other
hand, with microscopy, species relative abundance depends
on the relative abundance of frustules, whatever their
biovolume. This explains why the most frequently detected
species inmetabarcodingwas a larger (Encyonema silesiacum)
species than the one identified in microscopy (Achnanthidium
minutissimum). For each sample, the proportions of taxa in
each methodology were not the same and this probably ex-
plains why diversities were not perfectly correlated.

A final point that is important to underlined are all the
technical bias related to molecular technic, which can affect
quantification of taxa with HTS. This is the case of bias such
as PCR stochasticity (e.g., Kebschull and Zador (2015)), the
creation of chimers during PCR (Amend et al. 2010), and
affinity of primers to environmental sequences which can am-
plify preferentially some taxa (e.g., Pinto and Raskin (2012)).

In conclusion, since we obtained significant correlations
between diversities of both methodologies, this would enable
a comparison of conclusions from past studies carried out with
microscopy to future studies carried out with HTS. However,
HTS should enable to have other perspectives for diversity
studies, such as in-depth study of diversity of rare species
and access to bigger datasets with lower effort (Keck et al.
2017). Finally, if further studies clearly demonstrate that
HTS can access cryptic diversity of diatoms, this should allow
for new hypotheses about the relationships between environ-
ment and diatom diversity.
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